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ABREVIATURAS, SIGLAS Y ACRÓNIMOS
aa  Aminoácido	/	amino	acid	 
ADN/DNA Ácido	desoxirribonucleico	/	desoxiribonucleic	acid	 
ALP   Fosfatasa	Alcalina	/	Alkaline Phosphatase  
ANTH  AP180 N-terminal homology domain 
AP	 	 Polipéptido	de	ensamblaje	/	Assembly polypeptide 
ARF   Factor	de	ADP-ribosilación	/	ADP-ribosylation factor 
ATP	 	 Adenosín	tri-fosfato	 
ADP  	Adenosín	di-fosfato 
BAR   Bin/Amphiphysin/Rvs-homology  
BSA   Albúmina	sérica	bovina	/	Bovine Serum Albumin 
CCV   Vesículas	cubiertas	por	clatrina	/	Clathrin-Coated Vesicles  
ChAP	 	 Proteínas	de	unión	a	Chs5	y	Arf1	/		Chs5 and Arf1 binding proteins 
CME  Endocitosis	mediada	por	clatrina	/Clathrin Mediated Endocytosis 
CPS   Carboxipeptidasa	S	 
CPY   Carboxipeptidasa	Y	 
CWI   Ruta	de	integridad	celular	(Cell Wall Integrity Pathway)	 
CWP  Proteína	de	la	pared	celular	/ Cell Wall Protein 
DMSO   Dimetil	sulfóxido	 
DTT   Ditiotreitol	 
EDTA   Ácido	etilén	diamino	tetra-acético	 
ENTH  Epsin N-terminal homology domain 
ERAD   Degradación	asociada	al	RE	(Endoplasmic-reticulum-asociated degradation)	 
ESCRT   Endosomal Sorting Complex Requiered for Transport  
EE   Endosoma	temprano	/ Early Endosome 
ERES   Sitios	de	salida	del	Retículo	Endoplásmico / ER Exit Sites 
ERGIC   Compartimento	intermedio	RE-Golgi	/	ER-Golgi Intermediate Compartment 
GAAC	 	 Control	general	por	aminoácidos	/	General Amino Acid Control 
GAP   Proteína	activadora	de	la	actividad	GTPásica	/	GTPase Activating Protein 
GDI	 	 Inhibidor	de	la	disociación	del	nucleótido	de	guanosina	/	Guanosine nucleotide   
  Dissociation inhibitor 
GEF   Factor	intercambiador	de	nucleótidos	de	guanina	/	Guanine Exchange Factor 
GFP  Proteína	verde	fluorescente	/	Green Fluorescent Protein  
GGA   Golgi-localized γ-adaptin ear homology Arf-binding proteins  
GPCR  Receptor	acoplado	a	proteína	G	heterotrimérica	/	G protein-coupled receptors 
GPI   Glucosil	fosfatidil	Inositol	 
GTP   Guanosin	tri-fosfato	 
GDP   Guanosin	di-fosfato	 
HA   Epítopo	inmunorreactivo	procedente	de	la	hemaglutinina	del	virus	de	la	gripe	/		 	
  Human influenza hemagglutinine pitope 
ILV   Vesículas intralunimales (Intralumenal Vesicles)	 
Kb  Kilobase	 
kDa   KiloDalton 
LatA   Latrunculina A  
LB   Medio	rico	para	E. coli /	Luria-Bertani media 
LECA	 	 Último	ancestro	eucariota	común	/	 Last Eukaryotic Common Ancestor  
MAP   Proteína	activada	por	mitógeno	/	Mitogen Activated Protein  





MVB   Cuerpo	multivesicular	/	Multivesicular Body 
NCR  Represión	por	Catabolito	del	Nitrógeno	/	Nitrogen Catabolite Represion 
PC   Pared	Celular	 
PCR  Reacción	en	cadena	de	la	polimerasa	/	Polymerase Chain Reaction 
PIP  Fosfatidil	Inositol	fosfato 
PI2P  Fosfatidil	inositol	2-fosfato	 
PI3P  Fosfatidil	inositol	3-fosfato	 
PI4P  Fosfatidil	inositol	4-fosfato	 
PI2P  Fosfatidil	inositol	5-fosfato	 
PI3,5P2  Fosfatidil	inositol	3,5-bisfosfato 
PI4,5P2  Fosfatidil	inositol	4,5-bisfosfato 
PMSF   Fluoruro	de	ortometil	fenil	sulfonilo	 
PVC	 	 Compartimento	prevacuolar	/	Prevacuolar Compartment 
QS/CS   Quitín	Sintasa	/	 Chitin Synthase 
RE/ER   Retículo	Endoplasmático	/	Endoplasmic reticulum 
RFP   Proteína	roja	fluorescente	/	Red Fluorescent Protein  
SD   Medio	sintético	definido	 
SDc  Medio	sintético	definido	completo 
SDS   Docecil	sulfato	sódico	 
SDS-PAGE  Electroforesis	en	gel	de	poliacrilamida	con	dodecilsulfato	sódico	 
SNARE   Soluble N-ethylmaleimide-sensitive factor attachment protein receptor  
SNX   Sorting Nexin  
SP   Septo	Primario	 
SPS	 	 Sensor	compuesto	por	Ssy1,	Ptr3	y	Ssy5	/	Ssy1, Ptr3 and Ssy5 complex sensor 
SS   Septo	Secundario	 
SH3	 	 Domino	3	homólogo	a	SRC	/		SRC homology 3 Domain 
TORC1	 	 Complejo	Diana	de	la	Rapamicina	1	/Target of Rapamycin Complex I  
TCA   Ácido	Tricloroacético	 
TGN   Red	de	Trans	Golgi	/	Trans-Golgi Network  
TMD	 	 Dominio	transmembrana	/	Transmembrane Domain 
TPR	 	 Repetición	Tetratricopétido	/Tetratricopeptide Repetition 
Ub   Ubiquitina		 
WGD	 	 Duplicación	completa	del	genoma	/ Whole Genome Duplication 
WT   Estirpe	silvestre	/	Wild type  
YEPD   Medio	de	crecimiento	rico	/	Yeast Extract,	Peptone,	Dextrose 
YES   Medio	de	crecimiento	rico	/	Yeast Extract,	Dextrose,	aa	suplements 
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1. LAS LEVADURAS COMO MODELO DE ESTUDIO DEL TRÁFICO 
INTRACELULAR DE PROTEÍNAS
1.1. Importancia del tráfico intracelular de proteínas



















modelo	 Saccharomyces cerevisiae	 han	 permitido	 la	 identificación	 de	 muchos	 de	 los	 efectores	





1.2. Introducción a las especies fúngicas utilizadas en el desarrollo de 
esta tesis
Durante	el	desarrollo	de	esta	 tesis	doctoral,	y	con	el	fin	de	dilucidar	el	papel	conservado	del	
complejo	 del	 exómero	 en	 el	 transporte	 intracelular	 de	 proteínas,	 se	 decidió	 utilizar	 diferentes	














antes	 de	 la	 duplicación	 del	 genoma,	 característica	 del	 clado	 ‘post-WGD’	 (del	 inglés	 duplicación	
completa	del	 genoma),	 al	 cual	pertenece	 la	otra	 levadura	mencionada	 (Dujon	and	 Louis,	 2017).	
Fue	aislado	de	 la	 leche	y	constituye	el	eucariota	predominante	durante	 la	producción	de	queso.	
Se	 divide	 por	 gemación	 polar,	 presenta	 una	 morfología	 similar	 a	 S. cerevisiae	 pero	 muestra	
un	 volumen	 inferior	 y	 las	 cepas	 de	 laboratorio	 presentan	 un	 ciclo	 celular	 con	 fases	 haploide	 y	
diploide	bastante	estables.	Además	de	ser	un	emergente	organismo	modelo,	fundamentalmente	




Candida albicans:	 Levadura	 con	 múltiples	 estadios	 morfológicos,	 levadura-hifa-pseudohifa,	
perteneciente	 al	 Phylum	 Ascomycetes,	 SubPhylum	 Saccharomycotina,	 clado	 ‘CTG’,	 agrupación	
















vez	detectadas	determinadas	 señales	provenientes	de	 la	planta,	 se	diferencia	en	una	estructura	





1.3. Saccharomyces cerevisiae, modelo contrastado para el estudio del 
tráfico intracelular
Saccharomyces cerevisiae	 es	 un	 organismo	 unicelular	 eucariota	 perteneciente	 al	 Phylum	
















Estructura y fisiología conservada.	 Este	 organismo	 presenta	 grandes	 similitudes	 con	 las	




(rosa),	 dentro	 del	 clado	 Ascomycota	 (rama	 rosa).	 Dentro	 del	 grupo	 Saccharomycotina	 (azul),	 a	 parte	 de	

























































de	ello	son	 las	células	migrantes	que	presentan	el	núcleo	en	 la	zona	posterior,	o	 la	acumulación	
de	mitocondrias	 en	 zonas	 celulares	 donde	 se	 requiere	 un	 alto	 gasto	 energético	 y	 el	 secuestro	
momentáneo	de	iones	Ca+	como	ocurre	en	las	terminaciones	nerviosas	(revisado	en	Mazel,	2017).





asimétrica	 por	 gemación	 (Figura 2 A),	 y	 crecimiento	 polarizado	 durante	 la	 conjugación	 sexual.	
Ambos	procesos	comparten	la	mayoría	de	los	componentes	moleculares	de	polarización,	pero	se	

















Una	 vez	 definido	 el	 punto	 de	 inicio,	 un	 complejo	 proteico	 formado	 por	 la	 GTPasa	 Cdc42	 y	
sus	 reguladores,	permitirá	amplificar	y	establecer	 la	 señal	de	polarización.	Como	GTPasa,	Cdc42	











De	este	modo,	 la	 citoquinesis	 asimétrica	 de	 la	 levadura	 de	 gemación	 conlleva	 una	 síntesis	 y	
deposición	de	los	componentes	de	la	MP	y	la	pared	celular	(PC),	con	una	clara	restricción	espacial	
y,	por	supuesto,	temporal.	Dicha	restricción	es	controlada	por	un	complejo	programa	denominado	
ciclo	 celular.	 Para	 una	 revisión	 de	 la	 localización	 de	 las	 áreas	 de	 crecimiento	 polarizado	 y	 los	
Figura 2. Procesos morfógenéticos y ciclo celular de S. cerevisiae. A)	Procesos	morfogenéticos	que	implican	
un	crecimiento	polarizado:	crecimiento	axonal,	migración	celular	en	células	del	sistema	inmune,	citoquinesis	











por	 el	 sexo	opuesto,	 establecerá	 el	 sitio	de	 inicio	 del	 crecimiento	hiperpolarizado	 y,	 en	 caso	de	
contacto	con	la	otra	célula,	mediará	la	fusión	celular	y	cariogamia	(Figura 3).	El	reconocimiento	de	






Figura 3. Proceso de conjugación en 
S. cerevisiae. Las	 células	 haploides	
de	 distinto	 sexo	 liberan	 feromonas	
que	 son	 reconocidas	 por	 el	 sexo	
opuesto.	 La	 recepción	 de	 dicha	
feromona	desencadena	un	complejo	
proceso	 denominado	 conjugación	
sexual	 que	 dará	 lugar	 a	 una	 célula	










3. INTERACCIÓN CON EL MEDIO: LA MEMBRANA PLASMÁTICA Y LA PARED 
CELULAR
3.1. Relevancia biológica









la	 viabilidad	 celular	 como	 el	 potencial	 de	membrana,	 imprescindible	 para	 la	 neurotransmisión,	








































Según	 las	 últimas	 clasificaciones,	 existen	 dos	 clases	 generales	 de	 proteínas	 transportadoras:	
canales	 y	 transportadores	 activos.	 Los	 canales o poros	 son	 proteínas	 o	 conjuntos	 de	 proteínas	
que	forman	un	hueco	que	permite	el	paso	de	un	soluto	a	favor	de	un	gradiente	electroquímico;	
su	 apertura	 o	 cierre	 puede	 estar	 regulado	 por	 señales	 químicas	 o	 electrofisiológicas.	 Los	
transportadores activos	se	diferencian	en	dos	familias:	los	que	llevan	a	cabo	el	transporte	activo	
primario	 acoplado	 a	 la	 hidrólisis	 de	 ATP,	 comúnmente	 llamados	 bombas,	 y	 los	 transportadores	
secundarios,	transportadores	sensu stricto,	que	funcionan	a	favor	de	un	gradiente	electroquímico.	





Figura 4. Pared celular de S. cerevisiae.	Al	microscopio	electrónico	de	transmisión	(imagen	de	la	izquierda)	
se	puede	observar	una	doble	capa	por	fuera	de	la	bicapa	lipídica.	Una	capa	interna	más	laxa	a	los	electrones,	









4. TRANSPORTE INTRACELULAR DE PROTEÍNAS TRANSMEMBRANA
4.1. Transporte entre compartimentos celulares
El	 transporte	 entre	 los	 diversos	 orgánulos	 celulares	 aporta	 el	 material	 necesario	 para	 la	




constante	de	material	 tanto	de	entrada	como	de	 salida.	Un	ejemplo	de	 la	 importancia	de	estos	
mecanismos	 lo	constituye	una	plétora	de	enfermedades	humanas	cuya	causa	es	 la	alteración	de	
este	tráfico	intracelular	(Kins	et	al.,	2006;	Schonthaler	et	al.,	2008).











donde	 se	 producirá	 la	 fusión	 de	 ambas	membranas,	 liberando	 así	 el	 contenido.	 Para	mantener	
la	 homeostasis	 del	 proceso,	 ha	 de	 existir	 un	 transporte	 retrógrado	 que	 permita	 el	 reciclado	 de	





post-Golgi	 y	 entre	 los	diferentes	 endosomas	 (Bonifacino	 and	Rojas,	 2006;	De	Matteis	 and	 Luini,	
2008).	 Sin	 embargo,	 independientemente	 de	 la	morfología,	 la	 duración	 de	 estos	 intermediarios	
cumple	los	principios	básicos	de	la	teoría	vesicular.
De	este	modo,	el	 tráfico	de	componentes	entre	 los	orgánulos	conlleva	un	proceso	altamente	
específico	 y	 coordinado	 en	 el	 que	 participan	 múltiples	 elementos:	 proteínas	 GTPasa	 y	 sus	






4.2.  Proceso de vesiculación
El	proceso	comienza	por	una	acumulación	de	elementos	en	regiones	concretas	de	los	orgánulos,	
así, el	material	 lipídico	 y	 proteico	 a	 transportar	 se	 va	 agrupando,	 y	 para	 ello	 son	 esenciales	 las	



















hay	 una	 evaginación	 de	 la	membrana	 hacia	 el	 lado	 del	 lumen	 del	 orgánulo,	 como	ocurre	 en	 la	
formación	del	cuerpo	multi-vesicular,	un	tipo	específico	de	endosoma	(Schöneberg	et	al.,	2016).	
























cambian	 la	 composición	 lipídica	 de	 la	 futurible	 zona	 de	 fisión,	 donde	 posteriormente	 actuarán	
las	 cubiertas	 y	 el	 citoesqueleto	 para	 generar	 la	 fuerza	 física	 que	 terminarán	 con	 la	 escisión	 del	
intermediario.	 En	 el	 caso	 de	mamíferos,	 la	GTPasa	dinamina	 desempeña	un	papel	 fundamental	
generando	un	collar	que	mediará	la	constricción	de	la	membrana	(Anitei	and	Hoflack,	2011).
Una	 vez	 formado	 el	 intermediario,	 tendrá	 lugar	 un	 proceso	 de	 transporte,	 eliminación	 de	
la	 cubierta,	 reconocimiento	 y	 fusión	 con	 el	 compartimento	 receptor	 (Figura 5).	 El	 transporte	 a	






la	 fusión	del	 intermediario	 con	el	orgánulo	aceptor.	 Este	proceso	 se	 llevaría	a	 cabo	mediante	 la	
inactivación	de	 las	GTPasas	que	controlan	 la	 formación	de	 la	vesícula	y	con	el	 reclutamiento	de	



















transmembranas	 por	 lo	 que	necesitan	 ser	 reclutados	 desde	 el	 citoplasma	hasta	 las	membranas	






































proceso,	en	 lugar	del	 translocón	Sec61,	participa	el	 complejo	TRC40/GET.	Revisado	en	Shao	and	
Hegde,	2011;	Denks	et	al.,	2014.
4.4. Panorámica de las rutas de transporte intracelular







Una	 vez	 las	 proteínas	 solubles	 han	 sido	 sintetizadas	 e	 introducidas	 en	 el	 RE	 o	 insertadas	 en	 su	
membrana,	en	el	caso	de	las	integrales	de	membrana,	estas	serán	dirigidas	a	través	de	estas	dos	








estricto	 control	 de	 calidad.	 Así,	múltiples	 proteínas,	 llamadas	 genéricamente	 chaperonas,	 van	 a	
adherirse	a	las	proteínas	recién	sintetizadas	en	sus	superficies	hidrofóbicas,	en	regiones	con	cisteínas	
desapareadas	o	 con	 glicanos	 inmaduros,	 evitando	 así	 su	 agregación	 y	 asistiendo	en	 su	 correcto	
plegamiento.	Cuando,	tras	varias	rondas	de	reordenamientos,	 la	proteína	sigue	presentando	una	


















retrógrado,	 tanto	de	Golgi	hacia	RE	 como	de	 cisternas	de	una	 zona	posterior	 a	una	anterior,	 es	
mediado	por	 las	 vesículas	de	tipo	COPI	 (Figura 6).	 El	 aparato	de	Golgi	 presenta	una	morfología	
variable	a	lo	largo	de	la	escala	evolutiva;	desde	múltiples	agregados	de	varias	cisternas	(dictiosomas)	






principal	 será	 la	 de	 continuar	 con	 la	modificación	 del	 esqueleto	 de	 carbohidratos	 pre-existente	
en	las	proteínas	que	venían	del	RE.	Por	último,	está	la	región	encargada	de	la	distribución	de	las	
proteínas	(y	lípidos)	hacia	otros	compartimentos,	es	lo	que	se	conoce	como	red	trans-Golgi o TGN 





denotan	un	 transporte	 con	menos	evidencias	 que	 las	 continuas,	 y	 las	 flechas	 grandes	hacen	 referencia	 a	



















en	dominios	 específicos	 de	 la	MP	 (membrana	baso-lateral	 y	 apical	 en	 epitelios)	 requiere	de	 las	
distintas	variantes	del	complejo	AP-1	y	en	menor	medida	de	AP-4.	Ayudando	en	esta	segregación	






dominios	 transmembrana,	 como	 un	 importante	 determinante	 de	 la	 distribución	 de	 los	 cargos.	
Revisado	en	Bonifacino,	2014;	Spang,	2015.
Como	 se	 mencionó	 anteriormente,	 a	 partir	 del	 TGN,	 existe	 una	 absoluta	 conexión	 con	 los	
compartimentos	que	definen	la	ruta	endocítica.	Esta	comienza	en	la	MP	donde	tras	la	endocitosis	















4.5. Homeostasis de la membrana plasmática: secreción y endocitosis 
regulada.
4.5.1. Salida del TGN hacia la MP: exocitosis.
Como	ya	se	describió	en	el	punto	anterior,	las	proteínas,	tras	llegar	a	la	red	trans-Golgi	(TGN)	van	
a	ser	segregadas	en	diferentes	regiones	para	después	ser	transportadas	a	los	diferentes	orgánulos,	
incluido	 la	membrana	 plasmática	 (MP).	 Para	 conseguir	 esto,	 es	muy	 importante	 la	 regulación	 y	









hacia	 la	 MP,	 aunque	 se	 desconoce	 la	 naturaleza	 de	 muchos	 de	 ellos.	 Algo	 que	 parece	 estar	
claro	 es	 que	 el	 viaje	 de	 los	 intermediarios	 de	 transporte	 hasta	 la	 membrana	 es	 dependiente	
del	 citoesqueleto	 y	 las	 proteínas	motoras.	 En	 el	 caso	 de	 los	metazoos,	 y	 sobre	 todo	 en	 células	
fuertemente	polarizadas	como	 las	neuronas,	 los	microtúbulos	y	 la	proteína	motora	kinesina	son	
indispensables	para	la	exocitosis	(Noordstra	and	Akhmanova,	2017).	Por	su	parte,	en	S. cerevisiae, 












desconocida,	median	el	 transporte	de	proteínas	hasta	 la	MP	 (Wakana	et	al.,	2012).	En	cuanto	a	
los	 complejos	adaptadores	generales	que	modulan	este	 transporte	 cabe	destacar	a	AP-1	y	AP-4	


















la	 escala	 evolutiva,	 que	 se	 localiza	 en	 los	 focos	de	 crecimiento	polarizado	de	 la	MP,	 tales	 como	
la	punta	de	la	yema	de	las	levaduras	y	los	sitios	de	contacto	en	células	epiteliales	polarizadas.	En	














4.5.2. Organización de la membrana plasmática
En	las	últimas	décadas,	el	concepto	de	la	membrana	plasmática	como	una	estructura	inmóvil	y	
con	función	exclusiva	de	barrera	ha	cambiado	completamente.	Así,	la	MP	al	igual	que	las	membranas	





y	 los	 fosfoinosítidos	 (PIPs),	mientras	 que	 en	 la	 cara	 externa	 son	 abundantes	 la	 fosfatidilcolina	 y	
los	 esfingolípidos.	 Esta	 asimetría	 es	 imprescindible	 para	 la	 actividad	 de	 receptores,	 moléculas	
señalizadoras	y	la	interacción	con	el	citoesqueleto	(Ziółkowska	et	al.,	2012).
	Derivado	de	 la	heterogeneidad	descrita	por	múltiples	 laboratorios	en	 la	organización	 lateral	
de	la	MP,	fue	acuñado	el	término	de	‘Lipid	Rafts’	o	balsas	lipídicas.	Las	balsas	lipídicas	constituyen	
fluctuantes	agregados	de	esfingolípidos,	esteroles	y	proteínas	con	un	tamaño	teórico	<	200	nm,	que	






de	 la	 MP	 que	 se	 generan	 por	 polimerización	 de	 la	 proteína	 caveolina	 que	 interacciona	 con	
esfingolípidos	y	coleterol.	Estas	estructuras	están	implicadas	en	procesos	de	endocitosis	así	como	







































Figura 8. Compartimentalización de la membrana plasmática en S. cerevisiae. A)	 Representación	 de	 la	
distribución	de	los	dominios	MCC/Eisosoma,	MTC	y	MCP	en	la	membrana	plasmática.	Adaptado	de	Ziółkowska	
et al., 2012. B)	Representación	de	un	corte	 transversal	de	una	célula	de	S. cerevisiae	 en	gemación	con	 la	







proteínas	 transmembrana	 a	 lo	 largo	 de	 la	MP	 es	muy	 variable.	 Por	 ejemplo,	 la	 distribución	 de	
la	 permeasa	 de	 aa’	 Gap1	 es	 casi	 completamente	 homogénea,	mientras	 que	 Sur7	 se	 distribuye	

















podría	mediar	 procesos	más	 variopintos	 y	 puntuales	 como	 la	 toma	 desde	 el	medio	 externo	 de	
grandes	 cantidades	de	nutrientes	 (pinocitosis)	 o	 la	migración	 celular.	Además,	 se	 sabe	que	esta	
endocitosis	 alternativa	media	 la	 entrada	 de	 patógenos	 y	 toxinas.	 Para	más	 información	 revisar	
referencia	Ferreira	and	Boucrot,	2017.
La	 CME	 es	 un	 proceso	 coordinado	 que	 requiere	 del	 reclutamiento	 secuencial	 de	 numerosas	
proteínas	a	la	MP,	las	cuales	van	a	concentrar	el	cargo	o	receptor	transmembrana,	y	van	a	formar	











































de	 la	nucleación	de	 la	actina.	Una	vez	se	han	formado	 los	filamentos	de	actina,	para	 impedir	su	
despolimerización,	 los	 extremos	 son	 cubiertos	 por	 el	 complejo	 ‘capping‘.	 Adicionalmente,	 otras	






cofilina,	 coronina	 y	 profilina	participarán	 en	 la	 despolimerización	de	 actina,	 y	 por	 otro	 lado,	 las	
quinasas	y	 fosfatasas	desestabilizarán	 los	 componentes	de	 la	 cubierta	hasta	escindirla.	Para	una	
revisión	más	detallada	ver	Figura 9	y	referencia	(Goode	et	al.,	2015).










Aunque	 el	 esquema	 general	 y	 las	 funciones	 principales	 desarrolladas	 por	 el	 sistema	 de	
endomembranas	 están	 conservados	 en	 la	 escala	 evolutiva,	 	 cada	organismo	e	 incluso	 cada	tipo	













































Figura 10. Modelo actualizado del 
compartimento TGN/EE en S. cerevisiae. 
Los	 datos	 presentados	 por	 el	 grupo	 del	
Profesor	 Benjamin	 S.	 Glick	 apoyan	 la	
hipótesis	 de	 un	 sistema	 membranoso	
más	 simple	 en	 S. cerevisiae (Day	 et	 al.,	
2018).	 Así,	 en	 esta	 especie	 un	 único	
compartimento,	 el	 TGN/EE,	 mediaría	
funciones	 de	 intercambio	 con	 el	
Golgi,	 exocitosis,	 y	 reciclado	 o	 envío	 a	







los	 complejos	 adaptadores	 AP-1	 y	 Ent3/5	 y	 probablemente	 Gga1/2	 a	 nivel	 de	 los	 endosomas	




4.5.5. Complejos adaptadores del tráfico intracelular en el TGN/EE
 Cubierta de clatrina








Figura 11. Vesículas recubiertas por clatrina. A) Imagen	de	microscopía	electrónica	de	barrido	del	laboratorio	




D)	Representación	de	un	barril	hexagonal	de	clatrina.	A	 la	 izquierda	se	 resalta	 la	unión	entre	 las	cadenas	












































































Figura 12. Complejos proteicos adaptadores AP. A) Representación	modélica	de	un	complejo	AP,	sus	distintas	
subunidades	 y	 sus	 dominios	más	 relevantes.	B)	 Tabla	 resumen	 de	 los	 complejos	 AP	 y	 el	 nombre	 de	 sus	










 Otros complejos adaptadores
Además	 de	 los	 adaptadores	 proteicos	 AP,	 en	 los	 últimos	 años	 se	 han	 descrito	 numerosos	
adaptadores,	muchos	 de	 ellos	monoméricos,	 que	 van	 a	 interaccionar	 con	 GTPasas,	 cubiertas	 y	
cargos;	participando	en	la	segregación	de	estos	últimos.	Así,	se	ha	descrito	el	papel	del	complejo	
TSET,	 un	 heterotetrámero	 que	 participa	 en	 la	 endocitosis	 dependiente	 de	 clatrina	 en	 plantas	
que,	aunque	no	se	ha	conservado	en	 todos	 los	 linajes,	parece	ser	un	complejo	muy	antiguo.	La	
familia	de	 las	muniscinas,	proteínas	emparentadas	con	el	complejo	TSET,	que	parecen	funcionar	
como	 adaptadores	 en	 la	 endocitosis	 en	metazoos.	 Los	 adaptadores	monoméricos	 con	 dominio	
PTB (phosphotyrosine-binding)	 como	 	Dab2	 y	ARH,	 que	median	 la	 endocitosis	 del	 receptor	 de	
la	 lipoproteína	 LDL	en	mamíferos.	 El	 adaptador	de	metazoos	 stonin-2, el cual  interacciona con 
el	cargo	synaptotagmin-1.	Los	adaptadores	con	dominio	homólogo	a	 la	 región	N-terminal	de	 las	
epsinas	(ENTH)	y	 los	que	poseen	el	dominio	homólogo	a	 la	región	N-terminal	de	AP180	(ANTH),	
ambos	 altamente	 conservados	 en	 la	 escala	 evolutiva,	 capaces	 de	 unirse	 a	 las	 SNAREs	 y	mediar	









 GGAs (Golgi-localized, Gamma-ear containing, Arf-binding proteins): Gga1 y Gga2
En	 la	 búsqueda	 de	 otros	 adaptadores	 con	 dominios	 homólogos	 a	 los	 complejos	 AP-1	 se	
identificaron,	 incluso	 antes	 que	 el	 complejo	 AP-5,	 unos	 adaptadores	 de	 clatrina	 monoméricos	
denominados	GGAs.	El	nombre	deriva	de	 las	características	básicas	que	 los	definen:	 localización	

























y	 Ent5	 al	 dominio	GAE	 de	Gga2	 (Duncan	 et	 al.,	 2003).	 En	 plantas	 se	 han	 identificado	 proteínas	
similares	a	las	GGAs,	aunque	estas	carecen	del	dominio	GAE,	por	lo	que	su	función	puede	ser	otra	
(De	Craene	et	al.,	2012).
Por	 lo	 tanto,	 las	 GGAs	 en	 levaduras	 asisten	 al	 transporte	 de	 varios	 cargos	 desde	 el	 TGN/EE	









presentes	 en	 la	 epsinas	 de	 mamíferos	 y	 en	 sus	 homólogos	 en	 múltiples	 linajes	 eucariotas,	
incluyendo	S. cerevisiae,	que	tiene	cinco	(Ent1-5).	En	levaduras	Ent3	y	Ent5,	ambas	con	dominios	
ENTH	parcialmente	diferentes	(De	Craene	et	al.,	2012),	desarrollan	varios	papeles	en	la	maduración	



































olas	de	 reclutamiento	de	 la	 clatrina	que	 se	corresponderían	con	 la	generación	de	al	menos	dos	
tipos	de	vesículas.	La	primera	ola	va	acompañada	de	Gga2,	Ent3	y	una	parte	minoritaria	de	Ent5,	
mientras	que	la	segunda	ola	se	corresponde	con	un	pico	de	reclutamiento	de	la	mayoría	de	Ent5	
y	de	AP-1	 (Daboussi	et	al.,	2012).	En	concordancia	con	esto,	 las	GGAs	reclutan	a	 la	epsina	Ent3,	
la	cual	es	capaz	de	concentrar	a	las	SNAREs	requeridas	para	el	tráfico	endosomal.	Por		otro	lado,	
las	GGAs	reclutan	cargos	adicionales	a	la	vesícula	naciente,	y		en	su	conjunto	ambos	adaptadores,	
interaccionando	 con	 la	 clatrina,	 generarán	 las	 vesículas	 dirigidas	 a	 los	 endosomas	 (Black	 and	










Por	 otro	 lado,	 	 conviene	 recordar	 que	 existe	 un	 continuo	 trasiego	 de	 vesículas	 dentro	 del	










membranas	del	 TGN,	 reabasteciéndolo	de	proteínas	 recicladas.	 Para	una	 revisión	más	detallada	








Antes	 incluso	de	 conocerse	 la	 conformación	del	 exómero	 como	complejo	proteico,	 varias	de	
sus	subunidades,	Chs5	y	Chs6,	habían	sido	descritas	como	proteínas	con	importancia	tanto	en	la	
síntesis	de	quitina	 (Bulawa,	1993;	Roncero	et	al.,	1988;	Santos	et	al.,	1997)	como	en	el	proceso	
de	 conjugación	 de	 S. cerevisiae	 (Santos	 et	 al.,	 1997).	 Además,	 existían	 evidencias	 directas	 que	




Un complejo proteico asociado a las membranas del TGN/EE
El	exómero	se	describió	como	complejo	proteico	algo	más	tarde,	demostrando	que	funcionaba	








(Figura 13 A y B).	Desde	el	extremo	N-terminal	está	compuesta	por	un	motivo	en	hoja-β	antiparalela	
que	media	su	dimerización,	seguida	de	una	α-hélice	que	conecta	con	el	dominio	FBE,	este	último	









(TPRs),	4	en	 la	 zona	central	 y	1	en	 la	 zona	C-terminal	 (Rockenbauch	et	al.,	2012)	 (Figura 13 B y 
C).	Estos	dominios,	compuestos	por	34	aa’	formando	varias	repeticiones,	están	presentes	en	otras	






(Paczkowski	 et	 al.,	 2012;	 Trautwein	 et	 al.,	 2006;	Wang	 et	 al.,	 2006)	 (Figura 13 D).	 Además	 de	
interaccionar	con	Arf1-GTP	y	la	membrana	lipídica,	los	ChAPs	median	la	interacción	con	los	cargos	
del	exómero	(Paczkowski	et	al.,	2012;	Rockenbauch	et	al.,	2012;	Sanchatjate	and	Schekman,	2006;	
Trautwein	et	al.,	2006;	Wang	et	al.,	2006)	(Figura 13 D). 









primero	se	 reclutaría	Chs5	a	 las	membranas	a	 través	de	Arf1-GFP.	Seguidamente	 llegarían	Chs6,	
y	probablemente	Bch2,	por	su	alta	afinidad	con	Chs5.	Y	por	último,	Bch1	y	Bud7	se	incorporarían	


















(Figura 6) (Figura 13).
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Figura 13. El complejo del exómero 
en S. cerevisiae. A) Representación	
de	 la	 estructura	 tridimensional	 de	
los	 300	 primeros	 aminoácidos	 de	




et	 al.,	 2012;	 Rockenbauch	 et	 al.,	
2012. C)	 Representación	 de	 la	
estructura	tridimensional	del	ChAP	
Chs6	 (Paczkowski	 et	 al.,	 2012).	
D)	 Representación	 del	 exómero	
ensamblado	en	las	membranas	del	
TGN/EE	 e	 interaccionando	 con	 2	
moléculas	de	Arf1.	A	la	izquierda	un	
exómero	conformado	por	los	ChAPs	
Bch1/Bud7,	 capaz	 de	 remodelar	
membranas.	 A	 la	 derecha	 un	
exómero	con	los	ChAPs	Bch2/Chs6,	
con	función	de	adaptador	de	cargo.	
E)	 Imágenes	 de	 microscopía	 de	
fluorescencia	de	una	cepa	silvestre	
donde	 se	 observa	 la	 localización	


















su	 función,	 cicla	 de	una	 forma	dependiente	del	 ciclo	 celular	 entre	 la	MP	 y	 el	 TGN/EE.	Además,	
en	respuesta	a	varios	estreses,	 la	célula	es	capaz	de	incrementar	su	transporte	a	la	MP	(Arcones	
et	 al.,	 2016;	 Chuang	 and	 Schekman,	 1996;	 Sacristan	 et	 al.,	 2013;	 Zanolari	 et	 al.,	 2011).	 Por	 su	
parte,	Pin2	también	cicla	dependiente	del	ciclo	celular	y	es	capaz	de	responder	a	estímulos	tóxicos	
como	el	exceso	de	litio	(Ritz	et	al.,	2014).	Para	mantener	su	correcta	localización,	estas	proteínas	




























que	 el	 complejo	 está	 presente	 a	 lo	 largo	de	 todo	 el	 clado	de	 los	 hongos	 (Roncero	 et	 al.,	 2016;	
Trautwein	et	al.,	2006),	aunque	el	número	de	ChAPs	en	cada	especie	varía	desde	los	4	presentes	en	
S. cerevisiae,	hasta	solo	1	presente	en	S. pombe.
6. FISIOLOGÍA DE LA MEMBRANA PLASMÁTICA
Como	ha	sido	descrito	en	apartados	anteriores,	muchas	proteínas	transmembrana	van	a	llevar	
a	cabo	su	 función	en	 la	MP.	Como	proteínas	 integrales	de	membrana	que	son,	para	su	correcto	
funcionamiento,	localización,	posible	reciclaje	y	degradación,	van	a	seguir	las	dinámicas	de	la	ruta	
secretora	y	endocítica.	Así,	en	la	MP	numerosas	proteínas	transmembrana	van	a	mediar	procesos	
tan	 importantes	para	 la	célula	como	 la	síntesis	de	 los	polímeros	de	 la	PC	(para	más	 información	
revisar	apartado	3.2	de	la	introducción),	el	balance	iónico	o	la	toma	de	nutrientes.	Los	dos	últimos	
procesos	serán	detallados	a	continuación.




hidroxilo,	permiten	 las	 reacciones	celulares.	Además,	 los	 iones	en	el	entorno	de	 las	membranas	

















Sodio,	 potasio,	 litio,	 rubidio,	 cesio	 y	 francio,	 constituyen	 la	 familia	 de	 los	 metales	 alcalinos.	
Entre	 sí	 comparten	 estructura	 atómica	 y	 propiedades	 químicas,	 y	 además,	 en	 solución	 acuosa	












En S. cerevisiae	 se	han	descrito	más	de	10	proteínas	o	 complejos	proteicos	 implicados	en	el	
transporte	específico	de	metales	alcalinos.	La	mayoría	en	la	membrana	plasmática	(Trk1/2,	Tok1,	
Pho89,	Ena1-5,	Nha1	y	el	putativo	sistema	NSC1),	donde	proveen	a	las	células	de	potasio,	eliminan	
cationes	 tóxicos	 comunes	 como	el	 sodio	 y	el	 litio,	 regulan	el	pH	y	el	potencial	 de	membrana,	 y	
ayudan	 a	 mantener	 la	 turgencia	 celular.	 Con	 funciones	 similares,	 existen	 transportadores	 que	
median	 procesos	 de	 simporte	 K+/Cl-	 en	 la	 vacuola	 (Vhc1),	 o	 antiporte	 K+/H+	 en	 vacuola	 (Vnx1)	 ,	
endosomas	(Nhx1),	aparato	de	Golgi	(Kha1)	y	mitocondria	(Mdm38	y	Mrs7)	(Figura 14).




Figura 14. Canales, bombas y transportadores iónicos en S. cerevisiae.	Representación	de	 los	principales	
complejos	implicados	en	la	permeabilidad	selectiva	de	las	membranas	celulares	a	diferentes	iones.	Destacar	
la	presencia	de	dos	complejos	ATPasa,	uno	en	la	membrana	plasmática	y	otro	en	la	membrana	de	la	vacuola,	


















la	vez	que	ion	fosfato	(Pho89).	Para	la	expulsión de sodio y litio	existen	dos	mecanismos	diferentes.	
Por	un	lado	el	grupo	de	genes	ENA,	que	se	encuentran	formando	un	tándem	en	el	cromosoma	IV	
con	hasta	5	ORFs	 (fases	de	 lectura	abierta)	dependiendo	de	 la	 cepa.	 Estos	 genes	homólogos	 se	






















de	 estrés.	 Sin	 embargo,	 la	 excepción	 es	 el	 gen	 ENA1,	 cuya	 expresión	 es	 extraordinariamente	
incrementada	en	presencia	de	iones	tóxicos	como	el	Na+ o el Li+,	o	en	situaciones	de	alcalinización	
del	medio.	Existen	múltiples	señales	y	 rutas	que,	constituyendo	una	 intrincada	red,	controlan	 la	
40Carlos Antón Plágaro
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expresión	del	gen	ENA1.	Entre	ellas	cabe	destacar	 la	 ruta	de	osmoregulación	HOG,	 la	 ruta	de	 la	











en	 la	 función	 nutricional,	 que	 en	 condiciones	 normales	 inhibe	 al	 activador	 transcripcional	 Crz1,	











De	especial	 relevancia	para	el	 desarrollo	de	esta	 tesis,	 centrada	en	el	 transporte	 intracelular	










ESCRT	 I-III,	 la	 proteína	 con	 dominio	 tipo	 BRO1	 Rim20,	 encargada	 de	 dirigir	 el	 procesamiento,	 y	
















6.3. La membrana plasmática y el metabolismo de aminoácidos
Como	 se	mencionó	 anteriormente,	 el	 gradiente	electroquímico	que	 se	 genera	por	 acción	de	
las	ATPasas	de	protones,	a	nivel	de	 la	MP	y	 la	membrana	vacuolar,	 será	el	 responsable	del	flujo	
de	nutrientes	hacia	 el	 interior	 celular	 y	 entre	 los	 diferentes	 compartimentos.	Así,	 los	 diferentes	
transportadores	o	permeasas	se	valdrán	de	este	gradiente	para	transportar	diversos	nutrientes	a	
través	de	las	membranas:	glúcidos,	aminoácidos,	péptidos,	grupos	fosfato,	bases	nitrogenados,	etc.
Centrándonos	 en	 el	metabolismo	 del	 nitrógeno,	 hay	 que	mencionar,	 que	 el	 catabolismo	 del	
nitrógeno,	 el	 anabolismo	de	 aminoácidos	 (aa’)	 y	 las	 rutas	 de	 síntesis	 de	 nucleótidos,	 funcionan	
en	 paralelo	 y	 de	 forma	 coordinada.	 Para	 conseguir	 esa	 coordinación,	 la	 célula	 debe	 controlar	










múltiples	 sensores	 que	 monitorizan	 los	 niveles	 de	 los	 diversos	 compuestos.	 Además,	 las	 rutas	
catabólicas	y	anabólicas	generan	metabolitos	secundarios	que	muchas	veces	constituyen	señales	





histidina	 y	 cisteína.	 Sin	 embargo,	 existen	 fuentes	preferentes	que	permiten	un	 crecimiento	más	
acelerado	(amonio,	Asn,	Gln,	Glu	o	Asp)	y	fuentes	menos	preferidas,	cuya	metabolización	es	más	
costosa	dilatando	así	el	tiempo	de	generación	celular	(Leu,	Ile,	Met	o	Trp).	







aa’ (GAP1 o CAN1)	(Figura 16).	Otra	ruta	importante	en	el	metabolismo	del	nitrógeno	es	la	mediada	
por	el	 complejo	TOR.	 Inicialmente	se	pensaba	que	 la	 ruta	de	TORC1	afectaba	directamente	a	 la	

























de	 transportadores	 APC	 y	 presentan	 12	 dominios	 transmembrana	 que	 conforman	 un	 poro	 con	





entrada	 de	 los	 compuestos	 nitrogenados.	 Tanto	 las	 permeasas	 como	muchos	 de	 los	 complejos	
reguladores	están	altamente	conservados	en	el	dominio	eucariota.	Sin	embargo,	cada	organismo	
presenta	 un	 abanico	 diferente	 de	 posibilidades	 para	 adaptarse	 a	 los	 nutrientes	 presentes	 en	 el	
medio.		Así,	en	S. cerevisiae	las	permeasas	de	aa’	varían	en	especificidad,	capacidad	y	regulación	
(Figura 16).	Revisado	en	Ljungdahl	and	Daignan-Fornier,	2012.
Figura 16. Sistemas de transporte de compuestos nitrogenados en  S. cerevisiae. Se muestran los 
transportadores	 de	 aminoácidos	 de	 la	membrana	 plasmática	 junto	 a	 su	 sustrato.	 En	 verde	 se	muestran	
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En	esta	sección	de	 la	memoria	de	tesis	doctoral	se	desarrolla	el	 trabajo	experimental	 llevado	
a	 cabo,	 incluyendo	 la	metodología	 empleada,	 los	 resultados	 	 y	 la	 discusión	 surgida	 del	 trabajo	
científico.	Teniendo	en	cuenta	las	líneas	de	investigación	llevadas	a	cabo	durante	esta	tesis	doctoral,	
se	ha	dividio	el	 contenido	en	3	 capítulos.	 En	 los	dos	primeros	 se	expondrá	 trabajo	previamente	
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Implicaciones del exómero en el metabolismo 
catiónico
Anton, C., Zanolari, B., Arcones, I., Wang, C., Mulet, J.M., Spang, A., and Roncero, C. 
(2017). Involvement of the exomer complex in the polarized transport of Ena1 required 




El	 complejo	 del	 exómero	 media	 el	 transporte	 de	 un	 escaso	 número	 de	 proteínas	 desde	 el	
compartimento	red	trans-Golgi	(TGN)/endosomas	tempranos	(EE)	hasta	la	membrana	plasmática	





a	ningún	 fenotipo.	 Por	otro	 lado,	 también	 se	ha	descrito	una	hipersensibilidad	de	 los	mutantes	
del	exómero	a	varios	compuestos,	todos	ellos	de	naturaleza	catiónica:	higromicina	B,	litio,	sodio	y	
amonio	(Fell	et	al.,	2011;	Ritz	et	al.,	2014;	Trautwein	et	al.,	2006).	Sin	embargo,	ninguno	de	estos	
fenotipos	 había	 sido	 relacionado	 con	 un	 fallo	 en	 el	 transporte	 de	 alguna	 proteína	 implicada	 en	
homeostasis	catiónica.
Para	 entender	 el	 origen	molecular	 de	 esta	 hipersensibilidad	mostrada	 por	 los	mutantes	 del	
exómero	a	estos	cationes	tóxicos,	hay	que	entender	las	herramientas	moleculares	que	presenta	S. 
cerevisiae	para	lidiar	con	todos	ellos	y,	la	posible	implicación	del	exómero	en	lo	que	se	conoce	como	
homeostasis	 del	 balance	 catiónico.	 Estas	 sustancias	 ejercen	 su	 actividad	 tóxica	 al	 entrar	 dentro	




se	 defiende	 de	 su	 toxicidad	 reduciendo	 su	 entrada	 o	 incrementando	 su	 excreción	mediante	 la	
regulación	 de	 varios	 transportadores,	 la	mayoría	 localizados	 en	 la	MP.	 La	 toma	 de	 cationes	 de	
metales	 alcalinos	depende	 fundamentalmente	de	 los	uni-portadores	dependientes	de	gradiente	
Trk1/2,	 específicos	 para	 potasio.	 En	 cambio,	 para	 la	 salida	 participan	 varios	 transportadores:	 el	








(Yenush	 et	 al.,	 2002).	 Además,	 como	 se	 vio	 en	 la	 introducción,	 varias	 rutas	 de	 transducción	 de	
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mutante	hay	menos	 cantidad	de	 Ena1	 y	 la	 que	hay	 se	 polariza	 deficientemente	 ante	diferentes	
estímulos	 tóxicos.	 A	 diferencia	 del	mutante,	 en	 la	 cepa	 silvestre	 Ena1	 en	 situaciones	 de	 estrés	
catiónico	se	polariza	bruscamente	hacia	la	MP	de	la	yema.	Es	posible	que	esta	polarización	tenga	
una	función	biológica	ya	que	esta	zona	está	en	continua	remodelación	y,	es	donde	hay	mayor	síntesis	
de	 estructuras,	 haciéndola	más	 susceptible	 a	 diferentes	 estreses.	 Así,	 el	 exómero	 contribuiría	 a	
concentrar	rápidamente	en	dicha	zona	a	Ena1,	con	el	fin	de	reducir	la	concentración	del	compuesto	
tóxico.
 Nuevas funciones del exómero en el TGN/EE: ensamblaje del sensor de la ruta RIM101
Tanto	por	microscopía	como	por	 ‘western	blot’	observamos	variaciones	en	 los	niveles	de	 los	
canales	Ena1	y	Qdr2	en	el	mutante	del	exómero	con	respecto	al	control,	un	perfil	que	se	asemejaba	






mutante	del	exómero.	En	consonancia,	 los	mutantes	de	 la	ruta	comparten	muchos	 fenotipos	de	
sensibilidad	a	estrés	catiónico	o	pH	alcalino	con	chs5∆.	Además,	la	sobreexpresión	de	una	versión	
procesada	de	Rim101	mejoraba	parcialmente	los	fenotipos	de	sensibilidad	a	Li+	y	Na+	del	mutante	
del	 exómero.	 Finalmente,	 el	 análisis	 de	 la	 localización	 de	 los	 distintos	 elementos	 de	 la	 ruta	 de	
transducción	determinó	que	el	 sensor,	 formado	por	 las	proteínas	 transmembrana	Rim21,	Dfg16	
y	Rim9,	no	se	ensamblaba	correctamente	en	puntos	corticales	discretos	como	ocurre	en	 la	cepa	
silvestre	(datos	de	Dfg16	y	Rim9	en	Figura C1.1).
A	 diferencia	 de	 otras	 proteínas	 transportadas	 por	 el	 exómero,	 este	 complejo	 sensor	 no	 está	














Figura C1.1. Localización de Rim9 y 
Dfg16. Distribución	 de	 Rim9-GFP	 y	
Dfg16-GFP	 en	 un	 medio	 SDc	 (copia	
endógena	 marcada	 con	 GFP	 en	 su	
extremo	C-terminal).	Barra	de	escala	
representa	5	µm.
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Involvement of the exomer complex in the 
polarized transport of Ena1 required for 
Saccharomyces cerevisiae survival against 
toxic cations
ABSTRACT Exomer is an adaptor complex required for the direct transport of a selected 
number of cargoes from the trans-Golgi network (TGN) to the plasma membrane in Saccha-
romyces cerevisiae. However, exomer mutants are highly sensitive to increased concentra-
tions of alkali metal cations, a situation that remains unexplained by the lack of transport of 
any known cargoes. Here we identify several HAL genes that act as multicopy suppressors of 
this sensitivity and are connected to the reduced function of the sodium ATPase Ena1. Fur-
thermore, we find that Ena1 is dependent on exomer function. Even though Ena1 can reach 
the plasma membrane independently of exomer, polarized delivery of Ena1 to the bud re-
quires functional exomer. Moreover, exomer is required for full induction of Ena1 expression 
after cationic stress by facilitating the plasma membrane recruitment of the molecular ma-
chinery involved in Rim101 processing and activation of the RIM101 pathway in response to 
stress. Both the defective localization and the reduced levels of Ena1 contribute to the sensi-
tivity of exomer mutants to alkali metal cations. Our work thus expands the spectrum of 
exomer-dependent proteins and provides a link to a more general role of exomer in TGN 
organization.
INTRODUCTION
Transmembrane proteins are regularly sorted into membrane vesi-
cles for their traffic through the secretory and endocytic pathways 
by the action of dedicated cargo adaptors (Schekman and Orci, 
1996; Bonifacino and Glick, 2004; De Matteis and Luini, 2008). 
These adaptors not only direct cargo loading but perform additional 
functions in vesicle biogenesis, including recruitment and the stabi-
lization of other coat components (Bonifacino and Lippincott-
Schwartz, 2003; Spang, 2008).
Very limited mechanistic data are available concerning cargo 
sorting at the trans-Golgi network (TGN), one of the most promi-
nent sorting stations in eukaryotic cells, in which cargo is packaged 
into vesicles destined for the plasma membrane (PM) (Bard and 
Malhotra, 2006; Bonifacino, 2014). In Saccharomyces cerevisiae, 
such secretory vesicles are the main source of lipids and proteins 
used to generate the PM of a daughter cell (Drubin and Nelson, 
1996). However, the mechanisms involved in the biogenesis of 
these secretory vesicles, as well as the mechanisms for cargo sort-
ing, have long remained elusive. The analysis of the exomer com-
plex provided some mechanistic understanding of TGN sorting in 
S. cerevisiae (Trautwein et al., 2006; Wang et al., 2006). Exomer 
serves as a kind of sorting platform at the TGN for the delivery of 
Chs3 and Fus1 to the PM (Barfield et al., 2009; Trautwein et al., 
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exomer cargoes, including Pin2, which is rapidly endocytosed under 
hyperosmotic condition but whose deletion displays no increased 
Li+ sensitivity (Ritz et al., 2014). All of the above substances are cat-
ionic molecules whose intracellular toxicity is prevented by either 
reducing their uptake or increasing their efflux through the regula-
tion of several PM transporters. Alkali-metal cation uptake depends 
mostly on the activity of Trk1/2 potassium uniporters, while efflux 
relies on the activity of the potassium channel Tok1, the cation-pro-
ton antiporter Nha1, and the cation ATPase Ena1 (review in Ariño 
et al., 2010). The regulation of such transporters is complex, and 
positive and negative regulators have been described. Several HAL 
(for halotolerance) gene products have been shown to act as posi-
tive regulators of these transporters, including Hal1 (Rios et al., 
1997), Hal3 (de Nadal et al., 1998), and the Ser/Thr kinases Hal4 and 
Hal5 (Mulet et al., 1999). In contrast, Hal2 is involved in halotoler-
ance as a direct target of sodium toxicity (Murguia et al., 1996). The 
activity of the protein phosphatases Ppz1/2 negatively regulates the 
potassium uptake mediated by Trk1/2, thus being negative regula-
tors of halotolerance (Yenush et al., 2002). Moreover, in the regula-
tion of such transporters several signal transduction pathways also 
converge, including the calcineurin- and RIM101-dependent re-
sponses (Ariño et al., 2010).
In this paper, we systematically addressed the hypersensitivity of 
the exomer mutant chs5∆ to cationic molecules by characterizing its 
phenotypes in detail and by identifying multicopy suppressors of 
cation sensitivity. Our results link the cation sensitivity observed in 
exomer mutants to defects in Ena1 ATPase function. Exomer ap-
pears to be involved in Ena1 function through two separate mecha-
nisms: first, by controlling Ena1 expression through the RIM101 
pathway and, second, by facilitating polarized Ena1 localization in 
the bud. Our results thus identify Ena1 as a novel exomer cargo and 
uncover new roles for the exomer complex.
RESULTS
Exomer mutants exhibit sensitivity toward cations and 
positively charged molecules
To understand the basis of the sensitivity of exomer mutants to-
ward cationic molecules, we first compared the phenotypes of an 
exomer mutant to those with deletions in cationic transporters with 
similar hypersensitivities to cations (Figure 1), such as Trk1/2 and 
Ena1, major facilitators of K+ transport across the PM in yeast (Ariño 
et al., 2010). We did not include Pma1 mutants because defects in 
the function of this ATPase have been linked to moderate resistance 
to cationic compounds (Perlin et al., 1988). Therefore, a direct rela-
tionship between exomer and the function of Pma1 is unlikely. 
Trk1/2 have been reported to be the major K+ channel, while 
through genetic studies it became clear that the family Ena Na+ 
transporters is also involved in K+ homeostasis (Ariño et al., 2010). 
Since Ena transporters are present in clusters, are highly conserved, 
and might have at least partially redundant functions, we used a 
mutant in which the cluster containing the four ENA genes was de-
leted (ena1-4∆) (Yenush et al., 2002). The quadruple ena1-4∆ and 
the double trk1/2∆ mutants were both sensitive to Li+ and Na+, but 
only the ena1-4∆ mutant was sensitive to hygromycin (Figure 1A); 
thus the chs5∆ phenotypes were more similar to those of the ena1-
4∆ mutant. None of the ion transporter mutants showed resistance 
to calcofluor or sensitivity to NH4+ (Figure 1A), the other classical 
phenotypes associated with exomer mutants (Trautwein et al., 2006) 
or were sensitive to high osmolarity.
On the basis of the similarity of phenotypes, we next tested the 
localization of several major PM cation transporters in an exomer 
mutant to determine whether the transport of any of these proteins 
Moreover, exomer is well conserved across fungi (Trautwein et al., 
2006; Roncero et al., 2016), raising some expectations as to 
whether exomer could act as a general platform for the sorting of 
polarized proteins at the TGN in fungi. Unfortunately, such expec-
tations have not been fulfilled as the extensive efforts by several 
groups have only shown a very limited number of proteins to de-
pend on exomer for PM localization. These include Chs3 (Santos 
and Snyder, 1997; Trautwein et al., 2006), Fus1 (Barfield et al., 
2009), and the more recently described Pin2 (Ritz et al., 2014), all 
of which are transmembrane (TM) proteins with polarized distribu-
tion. In contrast, we have advanced significantly in the understand-
ing of the mechanistic aspects of the exomer complex itself. This 
complex is assembled at the TGN as a heterotetramer, consisting 
of two copies of the scaffold protein Chs5 and any two members 
of four paralogous proteins known as ChAPs (Chs5 and Arf1 bind-
ing proteins: Chs6, Bud7, Bch1, and Bch2) (Paczkowski et al., 2012; 
Paczkowski and Fromme, 2014; Huranova et al., 2016). The ChAPs 
and Chs5 bind to the Arf1 GTPase and help to remodel mem-
branes, a process that is required for vesicle formation in vitro 
(Paczkowski and Fromme, 2014). Interestingly, not all ChAPs are 
equally effective in assembling the exomer complex. Bch1 and 
Bud7 have been proposed to be the most effective in triggering 
membrane remodeling because of a characteristic hydrophobic 
element in their sequences that is not present in Chs6 and Bch2 
(Paczkowski and Fromme, 2014). Accordingly, Bch1 and Bud7 have 
been independently shown to be more efficient in the stabilization 
of exomer complexes (Huranova et al., 2016).
Furthermore, ChAPs subunits have been proposed to determine 
cargo specificity by their direct interaction with the cytosolic tails of 
cargo proteins, a process in which Chs6 and Bch2 are the most ef-
fective (Huranova et al., 2016). However, the direct interaction be-
tween the ChAPs and cargo has only been well documented for 
Chs6, which has been shown to interact with two different domains 
of its distinct cargo, Chs3. Deletion of specific N- and C-terminal 
cytosolic regions of Chs3 abolished exomer recognition and blocked 
Chs3 transport from the TGN (Rockenbauch et al., 2012; Weiskoff 
and Fromme, 2014). Also, the chs6∆ mutant shares with chs5∆ all 
the phenotypes linked to the reduced levels of chitin brought about 
by Chs3 TGN sequestration (reviewed in Roncero [2002]) but none 
of the other exomer-related phenotypes.
As pointed out above, the number of exomer cargoes is small, 
and the known cargoes are rather different in terms of primary se-
quence, number of transmembrane domains (ranging from 1 to 8, 
based on bioinformatics analysis), and topology (type I and II TM 
proteins), making it difficult to understand the biological functions 
of exomer. However, all of the cargoes are localized in a polarized 
manner and are completely retained at the TGN in the absence of 
exomer. Interestingly, their transit to the PM is always restored in the 
absence of the AP-1 complex (Valdivia et al., 2002; Barfield et al., 
2009; Ritz et al., 2014), suggesting that it is their interaction with the 
AP-1 complex that makes them dependent on exomer for their ar-
rival to the PM. This in fact has been shown in detail for Chs3, in 
which a specific N-terminal cytosolic region is required for its inter-
action with AP-1 (Starr et al., 2012). In the absence of this domain, 
Chs3 still reaches the PM even in the absence of exomer (Starr et al., 
2012; Sacristan et al., 2013). Similar data have been reported for 
Pin2 (Ritz et al., 2014).
An intriguing unresolved issue regarding exomer function is the 
fact that exomer deficient mutants are highly sensitive to lithium, 
sodium, ammonium, or hygromycin (Trautwein et al., 2006; Fell 
et al., 2011; Ritz et al., 2014). These phenotypes cannot be ex-
plained by defective transport of any of the previously described 
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sensitivity of exomer mutants and the ion 
transporter mutants to hygromycin, but not 
to Li+, was abolished by high K+ concentra-
tions in the medium (Figure 1B), suggesting 
that the K+ and Li+ growth defects were not 
directly correlated. Taken together, our data 
so far indicate an involvement of exomer in 
cation homeostasis, which might be con-
nected to the functionality of ion channels 
potentially through an altered function of 
cation extrusion.
Upregulation of halotolerance 
suppressed chs5∆ cationic sensitivity 
through upregulation of Ena1 ATPase
To gain a better understanding of the pro-
cess, we searched for multicopy suppressors 
of the Li+ sensitivity of the chs5∆ mutant by 
selecting colonies that were able to grow on 
plates containing 0.2 M Li+. After eliminat-
ing CHS5-containing plasmids, subcloning 
revealed both HAL1 and MTC1 as suppres-
sors. The Maintenance of Telomer Capping 
gene (MTC1) is a poorly characterized gene 
whose overexpression was reported be le-
thal (Sopko et al., 2006), which explains why 
the MTC1 overexpression rescue potential 
of chs5∆ on 0.2 M Li+ was variable. There-
fore, we focused our efforts on the other 
suppressor, HAL1. HAL1 acted as a bona 
fide suppressor, since its overexpression re-
stored growth of the chs5∆ mutant at 0.15 
M Li+ and 0.8 M Na+ (Figure 3A) but not on 
high NH4+. Hal1 provides halotolerance by 
decreasing cellular Na+ via upregulation of 
Ena1 and by increasing K+ through decreas-
ing efflux (Rios et al., 1997). Moreover, other 
HAL genes are involved in either transcrip-
tional activation of ENA1 or the regulation 
of Trk1/2 activity (Mulet et al., 1999; Yenush 
et al., 2002). Consequently, we asked 
whether overexpression of those HAL genes 
could also rescue the chs5∆ cation sensitivity. Overexpression of 
HAL3, 4 and 5 also fully restored the growth of the chs5∆ mutant on 
high Li+ and Na+ plates, but only overexpression of HAL3 signifi-
cantly improved growth on NH4+-supplemented media (Figure 3B). 
Hal3 is a negative regulator of the protein phosphatase Ppz1, which 
in turn is a negative regulator of Trk1/2 activity (Yenush et al., 2002), 
while HAL4 and HAL5 encode for kinases acting as activators of 
Trk1/2 (Mulet et al., 1999). Consistently, deletion of PPZ1 improved 
growth of chs5∆ on Li+ and Na+ plates (Figure 3C). However, in 
contrast, overexpression of HAL2, a bisphosphate-3′-nucleotidase 
(Murguia et al., 1996), had no effect on chs5∆ mutant phenotypes 
despite its expression levels being higher than that of HAL5 (see 
Supplemental Figure S1). Taken together, our results indicate that 
overexpression of positive regulators of ion transporters improves 
the tolerance of chs5∆ toward high concentrations of cations, in 
particular alkali metals.
Given the results mentioned above, we hypothesized that down-
regulation of cationic transporters might be the cause for the Li+ 
and Na+ sensitivity of the exomer-deficient mutant chs5∆. If our as-
sumption was correct, then increasing the levels of cation-specific 
was dependent on exomer. Trk1, Nha1, or Qdr2 localization was not 
affected in exomer mutants (Figure 2A). Ena1-GFP was barely de-
tectable under normal growth conditions due to low expression lev-
els, and therefore its localization was also assessed at pH 7.0 (Figure 
2A, right panel). Again, Ena1-GFP efficiently reached the PM in both 
strains, and its localization appeared indistinguishable from that in 
wild type and the chs5∆ mutant. Therefore, our results did not indi-
cate a direct link between Li+/Na+ sensitivity and defective localiza-
tion of any of the major pumps involved in cation transport.
Finally, we determined Rb+ uptake as an indirect measurement 
of K+ transport and the cellular K+ content. In exomer-deficient mu-
tants, Rb+ uptake was significantly impaired and comparable to the 
level of the trk1/2∆ K+ transporter strain (Figure 2B). Interestingly, 
chs5∆ was more defective than the ChAPs∆ strain, indicating both a 
ChAPs-dependent and -independent function of Chs5 in this pro-
cess. Likewise, a reduction of the intracellular K+ content was ob-
served in all mutants to the same extent as that observed in trk1/2∆ 
strains (Figure 2C). While the single ChAP deletion bch1∆ displayed 
a Rb+ uptake activity similar to wild type, the K+ levels were reduced, 
suggesting an increased K+ efflux in this mutant. Interestingly, the 
FIGURE 1: Comparative sensitivity between mutant strains defective on exomer or different 
cation transporters. (A) Growth of different yeast strains on YEPD plates supplemented with 
increased concentrations of the indicated compounds. Gradient plates from 0 to the specified 
maximum concentration were made as described under Materials and Methods. (B) Sensitivity 
of the indicated strains to hygromycin or Li+ in the absence or presence of 0.1 M KCl. Note the 
full suppression of hygromycin sensitivity on KCl-containing plates compared with the limited 
effect on Li+ sensitivity.
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was barely detected at acidic pH, such as in 
synthetic defined (SD) medium (Figure 5A); 
although some cells showed polarized dis-
tribution of the protein in the wild type 
(Figure 5A). Remarkably, Ena1-GFP levels 
seemed reduced in the chs5∆ mutant since 
fluorescence was barely detectable at the 
PM of the mutant. Raising the pH of the me-
dium to pH 7.0 for 35 min significantly in-
creased the fluorescence signal and, more 
importantly, still 50.6% of the wild-type cells 
showed polarized Ena1 distribution. In con-
trast, Ena1-GFP levels in the chs5∆ mutant 
remained apparently lower, and the level of 
polarization was reduced (28.5%) compared 
with the wild type. Interestingly, maintaining 
pH 7 for 2 h led to almost complete loss of 
polarity of Ena1-GFP, and its localization 
became very similar in both strains. Chal-
lenging the cells with Na+ reverted the 
equal Ena1 plasma membrane distribution 
to a polarized localization in the bud. Even 
though this effect was observed in both 
strains, the repolarization was less efficient 
in chs5∆ compared with wild type. We 
sought an alternative way to analyze the po-
larization phenotype, which would also be 
independent of the Ena1-GFP expression 
levels in wild type and chs5∆. We decided 
to determine the polarization coefficient 
given by the mean fluorescence intensity of 
the plasma membrane in the bud over the 
one in the mother cell (Figure 5B; see also 
Supplemental Figure S3A). Our data indicate that not only fewer 
cells show polarized Ena1-GFP localization in chs5∆ at pH 7 for 35 
min and on addition of NaCl (Figure 5A) but also that the level of 
polarization is reduced when compared with wild type (Figure 5B). 
Therefore, exomer contributes to the polarized localization of Ena1 
under acute stress conditions.
The effect of the absence of exomer on Ena1 expression was 
also confirmed by Western blot. Under noninducing conditions in 
SD media, Ena1-GFP was undetectable in both wild-type and chs5∆ 
strains (Figure 5C). Raising the pH to 7.0 (Figure 5C) or by directly 
adding NaCl to the media (see Figure S2C) triggered expression of 
Ena1 in both wild-type and chs5∆ cells, although levels of the pro-
tein were always moderately lower in the chs5∆ mutant (Figure 5C 
and Supplemental Figure S2C). The effects of adding NaCl and al-
kalinization were additive because NaCl treatment after alkaliniza-
tion of the medium augmented Ena1-GFP levels even further (Figure 
5C). Interestingly, in yeast extract peptone dextrose (YEPD) medium 
Ena1-GFP was detectable in the wild type but not in the chs5∆ mu-
tant (Supplemental Figure S2C), confirming the general lower abun-
dance levels of Ena1 in the exomer mutant. Altogether, these results 
suggested that exomer might have two functions with respect to 
Ena1: first, exomer could enhance expression of Ena1 and, second, 
exomer might be required for polarized Ena1 plasma membrane 
localization. Both possibilities are not mutually exclusive. The polar-
ization coefficient would indicate that exomer is required for Ena1 
polarized localization, but we cannot rule out a transcriptional 
contribution.
Therefore, we investigated Ena1-GFP localization independently 
of its transcriptional regulation using the inducible promotor tetO 
permeases should equally increase ion tolerance of chs5∆. Of the 
six candidates tested (ENA1, TRK1, KHA1, NHX1, NHA1, and 
QDR2) only overexpression of ENA1 and QDR2 improved growth of 
chs5∆ on Li+ or Na+-supplemented plates (Figure 4A), and this effect 
cannot be explained by low expression levels of some of the genes 
as all genes were well overexpressed (Supplemental Figure S1). 
Ena1 and Qdr2 are both extrusion pumps. Therefore, the sensitivity 
of chs5∆ to cations is probably linked to a defect in extrusion of the 
toxic ions rather than to an influx defect. To test this notion, we 
measured Li+ extrusion in both wild-type and chs5∆ strains (Figure 
4B), resulting in a clearly reduced export of Li+ in the chs5∆ mutant. 
In contrast to ena1-4∆, qdr2∆ is neither Li+ nor Na+ sensitive (Ríos 
et al., 2013). Moreover, Qdr2 was the sole transporter that was also 
able to rescue the NH4+ sensitivity of chs5∆, reinforcing the idea that 
NH4+ and alkali metal sensitivity are genetically and physiologically 
separable. Thus, our analysis so far clearly points to low Ena1 activity 
at the plasma membrane as the cause for chs5∆ sensitivity toward 
alkali metals. Therefore, we focused our further analysis on Ena1.
The absence of exomer alters Ena1 expression and 
intracellular localization
First, we set out to solve a conundrum, since, as shown in Figure 2, 
we presented evidence that Ena1 localization was independent of 
an exomer, even though all the genetic evidence contradicted this 
finding, unless an Ena1-activating cofactor was evoked as a cargo-
dependent exomer. Thus, we reassessed Ena1-GFP localization af-
ter confirming that the Ena1-GFP construct was functional (Supple-
mental Figure S2A). ENA1 expression is under strong transcriptional 
control (see (Ariño et al., 2010) for a review). Therefore, Ena1-GFP 
FIGURE 2: The localization of PM transporters in exomer mutants. (A) Localization of different 
PM transporters in wild-type and chs5∆ strains. Proteins were chromosomally appended with 
the GFP at their C-terminus, except Trk1-GFP, which was expressed from plasmid pRS414. All 
proteins were visualized in cells growing in nonbuffered SD media except Ena1-GFP, which 
was also visualized at pH 7.0. Note the similar localization in wild-type and chs5∆ strains. 
(B) Rubidium uptake in the different mutants and (C) intracellular levels of potassium. The strain 
labeled ∆∆∆∆ corresponds to strain YAS563-16a in which all four ChAPs have been deleted (see 
Table 1).
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pendent of the dox concentration (Figure 5D). We then determined 
Ena1-GFP localization after 2 h of growth in dox at concentrations 
of 10 and 0.1 µg/ml. At high dox, Ena1-GFP is barely visible and the 
localization of the protein was similar in wild-type and chs5∆ strains 
(Figure 5E). NaCl stress-induced Ena1-GFP polarization was less ef-
ficient in chs5∆ cells, with a level that reached only ∼50% when 
compared with wild type (Figure 5, E and F). Moreover, at 0.1 µg/ml 
dox in the absence of saline stress, Ena1-GFP was observed neatly 
polarized in the wild-type cells (40.3±7.8%), while chs5∆ cells 
showed a more uniform staining with less than 10% of the cells 
displaying a polarized Ena1-GFP distribution. Cationic treatment 
increased polarization not only in wild type but also in the chs5∆ 
mutant, which maintained reduced polarization levels of Ena1-GFP 
compared with the control (Figure 5F). Similar results were obtained 
when we determined the polarization coefficient for Ena1-GFP un-
der a variety of conditions and in different strains (Supplemental 
Figure S3C). Altogether our results demonstrate the direct involve-
ment of exomer in Ena1 polarization. It is worth noting that degra-
dation of Ena1-GFP in the vacuole appeared minimal and indistin-
guishable between wild-type and chs5∆ mutants (see images and 
Supplemental Figure S2C), arguing against a direct effect of exomer 
on Ena1 recycling.
All previously described exomer cargoes show a strong polar-
ized distribution (Figure 6), a hallmark that is also shared by Ena1. 
Therefore, we addressed whether the localization of other polarized 
proteins was affected in chs5∆. However, neither the localization of 
the SNARE Snc1 nor of the osmosensor Sho1 was altered under 
those conditions (Figure 6). Another common feature shared be-
tween Chs3 and Ena1 is that they both require Sro7 for proper local-
ization (Wadskog et al., 2006; Zanolari et al., 2011). Therefore, we 
tested whether other Sro7-dependent plasma membrane proteins 
(Forsmark et al., 2011) would also be exomer-dependent cargoes. 
The hexose transporter Hxt7 and the glycerol symporter Stl1 local-
ized indistinguishably in wild type and chs5∆. Apparently exomer is 
involved in the polarized delivery of a restricted number of TM pro-
teins. However, contrary to the other exomer cargoes described to 
date, Ena1 is still able to efficiently reach the PM in the absence of a 
functional exomer.
(Marques et al., 2015). In this system, Ena1-GFP expression was 
regulated in a doxycycline (dox) concentration-dependent manner, 
in which 10 µg/ml abolished Ena1-GFP expression and 0.1 µg/ml 
allowed some expression (Figure 5D). After 2 h of induction, levels 
of Ena1-GFP were similar in wild type and the chs5∆ mutant, inde-
FIGURE 3: Multicopy suppression analysis by HAL genes. (A) Growth 
of the wild-type and chs5∆ strains transformed with the indicated 
genes on SD media supplemented with the indicated compounds. 
(B) Drop assays of chs5∆ transformed with different HAL genes. 
Wild-type strain is used as the control. In all cases, HAL genes were 
overexpressed from multicopy plasmids (YEp351 or Yep352). Cells 
were grown in selective SD to ∼2 × 107 cells/ml media and serially 
diluted before spotting onto YPD plates containing either 0.2 M LiCl, 
0.2 M (NH4)2SO4, or 1 M NaCl. Plates were incubated 2–3 d at 30°C. 
(C) Deletion of PPZ1 rescues the chs5∆ growth defect on LiCl and 
NaCl plates. Drop assay with different strains. Plates were incubated 
2–3 d at 30°C.
FIGURE 4: Effect of the overexpression of different ionic transporters on the chs5∆ phenotypes. (A) chs5∆ cells were 
transformed with the indicated genes expressed from multicopy plasmids, grown on selective SD media to 2 × 107 cells/
ml, serially diluted and spotted onto the plates as in Figure 3. Growth was scored after 2 d at 30°C. Note the reduced 
sensitivity of the chs5∆ mutant to LiCl and NaCl, but not to (NH4)2SO4, after ENA1 overexpression, while high levels of 
QDR2 improved growth on the three media. (B) Li+ extrusion in the indicated strains. Cells were preloaded with Li+ and 
transferred to fresh media. Cells were collected at the indicated times, and the internal amounts of Li+ were measured 
by atomic absorption. Data are presented as the percentage of the original values of the strain at 0 time. The results are 
the average of three independent cultures. See Materials and Methods for details. Note the limited extrusion capacity 
of the chs5∆ mutant.
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growth medium, with rim101∆ being somewhat more sensitive. 
Combining both mutations exacerbated the phenotypes, indicating 
that they may act in parallel pathways. However, this result by itself 
does not exclude a potentially negative effect of chs5∆ on Rim101 
function. Rim101 is activated at neutral-alkaline pH through proteo-
lytic cleavage by the sequential action of several components of the 
RIM101 signaling pathway (Lamb et al., 2001). Therefore, we as-
sessed Rim101 processing in chs5∆. In wild type, Rim101 is cleaved 
and thereby activated when the pH in the growth medium is raised 
from 5 to 7 (Figure 7B). In contrast, proteolytic activation of Rim101 
was abolished in chs5∆ (Figure 7B). Thus, the chs5∆ cation sensitiv-
ity can be partially explained by the inability to activate the Rim101-
dependent response.
Next, we addressed the mechanism by which lack of Chs5 abol-
ishes Rim101 activation. The arrestin Rim8 is recruited to the PM 
by the pH sensor Rim21 (Herrador et al., 2015), where it becomes 
Lack of exomer strongly reduces Rim101 processing and 
activation at neutral and alkaline pH
So far, we demonstrated that Ena1-GFP localization is altered in 
chs5∆ cells. However, we also observed a reduction of Ena1 protein 
levels in the exomer mutant, which is not explained by vacuolar 
degradation. Under the same conditions, the cellular concentration 
of Qdr2 was increased (Figure 2A), suggesting an opposite tran-
scriptional control of the levels of Ena1 and Qdr2. Indeed, loss of 
the transcription factor Rim101 produced a similar deregulation ef-
fect on the expression of both ENA1 and QDR2 genes (Lamb and 
Mitchell, 2003). Rim101 positively regulates transcription of alkaline-
expressed genes such as Ena1 (Lamb and Mitchell, 2003). To ex-
plore whether Chs5 impacts the transcriptional response triggered 
by Rim101, we first compared the sensitivity to alkali ions of the 
single and double mutants (Figure 7A). As expected, chs5∆ and 
rim101∆ shared sensitivities toward alkali metals and alkaline 
FIGURE 5: Assessing the role of exomer on Ena1 function. (A) Localization of a chromosomally tagged version of 
Ena1-GFP in wild type and chs5∆. Cells were grown on selective SD media to logarithmic phase and then incubated 
under the indicated conditions. The percentage of cells showing polarized distribution of the fluorescence signal 
associated with Ena1-GFP is given as average values with standard deviations. (B) Polarization coefficients for any 
measured cell (n = number of cells) in the experiment described in A. See Materials and Methods for details. 
(C) Ena1-GFP levels before and after alkalinization of SD media under the same experimental conditions as in A. 
(D) Levels of Ena1-GFP expressed from the tetO promoter. Cells were grown in the presence of 10 mg/ml dox and 
transferred for 2 h to fresh media supplemented with the indicated concentrations of the drug. (E) Ena1-GFP was 
visualized by fluorescence microscopy after growth on the indicated dox concentration for 2 h. Cation treatment was 
performed for additional 30 min. (F) Levels of Ena1-GFP polarization in the same experiment. The results are the 
average of at least three independent experiments counting at least 50 cells in each experiment. Note the higher 
polarization of Ena1-GFP in wild type in all conditions tested. See also Supplemental Figure S3 for a complementary 
quantitative analysis on Ena1-GFP polarization.
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a modest effect on the chs5∆ phenotypes (Figure 7E), whereas it 
suppressed more efficiently the phenotypes of the rim13∆ and 
rim20∆ mutants (Figure 7E), which are likewise defective in Rim101 
processing (Hayashi et al., 2005). These results indicate that while 
the defective processing of Rim101 could contribute to the pheno-
types of the chs5∆ mutant, it is probably not the major cause for 
the sensitivity of exomer mutant to cations. Therefore, Chs5 must 
be involved in at least one other independent pathway regulating 
the response to cations.
Exomer is required for efficient Rim21 plasma membrane 
localization
These results, however, raised another question as to why exomer 
would be involved in Rim101 processing. One possibility is that 
exomer could be involved in the recruitment of Rim20/13 to the 
cortical foci, or, potentially, the transport of PM sensors like Rim21, 
which are part of the RIM101 signaling pathway might be perturbed. 
To distinguish between these possibilities, we addressed the behav-
ior of Rim21 in the chs5∆ mutant. Rim21 levels were not affected at 
ubiquitinated under alkaline conditions (Herranz et al., 2005). In 
turn, ubiquitinated Rim8 recruits the ESCRT-I protein Vps23 to the 
PM (Herrador et al., 2010; Galindo et al., 2012), which triggers the 
recruitment of the processing machinery consisting of Rim20 and 
the protease Rim13 (Obara and Kihara, 2014) (reviewed in Peñalva 
et al. [2014]). Unfortunately, the fluorescent signals of Rim8-RFP 
and Vps23-GFP were too weak for proper analysis. We therefore 
determined the localization of Rim13 and Rim20 at acidic and al-
kaline pH. The number of Rim13/20 foci after alkalinization of the 
media increased significantly in wild type but remained essentially 
unchanged in the chs5∆ mutant (Figure 7C and Supplemental 
Figure S4), explaining the poor processing of Rim101 in this mu-
tant at pH 8.0. If our interpretation of these results was correct, 
then we would expect an alleviation of chs5∆ phenotypes on re-
storing Rim101 processing. To test this hypothesis, we expressed a 
constitutively processed form of Rim101 (Rim101C [Lamb et al., 
2001]) that mimics the effect of alkali signaling. Under those condi-
tions, we observed increased basal levels of Ena1-GFP in both 
wild-type and chs5∆ cells (Figure 7D). However, Rim101C had only 
FIGURE 6: Localization of PM proteins in chs5∆ mutant cells. (A) Hydrophobic profiles of the indicated proteins 
showing predicted transmembrane domains (gray squares) and signal peptide (SP) sequences. The postranslational 
modifications that have been experimentally described for these proteins are also indicated: P (phosphorylation) and K 
(ubiquitination). The profiles are drawn to approximate scale. (B) Representative images showing protein localization in 
wild-type and chs5∆ cells. The dependence of these proteins on Sro7 that has been previously described (Forsmark 
et al., 2011) is indicated, as well as their predicted nature as Type I or II TM proteins. Chs3 and Pin2 have been 
described as bona fide exomer cargoes. Note how Ena1 polarization, but not PM arrival, is defective in the chs5∆ 
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FIGURE 7: Defective RIM101 signaling in the exomer mutant. (A) Comparative phenotypes of rim101∆ and chs5∆ 
mutants. Note the similar phenotypes observed and the additive effect of both mutations. (B) Immunoblot of Rim101 
proteolytic processing at the indicated pHs. Cells contain a modified version of Rim101 with an internal 3xHA tag. Note 
the absence of processing in the chs5∆ mutant compared with the control. (C) Visualization of processing spots using 
yeast cells containing chromosomally tagged versions of Rim13 and Rim20 proteins. Note the increasing numbers of 
spots for both proteins after alkalinization of the media for 1 h in wild type, which is absent in the chs5∆ mutant. Right 
panel shows the quantitative results for this experiment, which are the average of three independent experiments. 
(D) Levels of Ena1-GFP from its endogenous locus after expression of the constitutively processed Rim101C from the 
pRS315 plasmid. Cells were grown O/N in selective SD media and refreshed in YEPD media for 2 h. (E) Drop assay of 
strains transformed with the constitutively expressed form of Rim101 (pRS315::RIM101C) on the indicated media. Note 
the moderate improvement of growth promoted by Rim101C in the chs5∆ mutant under all conditions tested. 
(F) Rim21-x2GFP localization in the indicated strains/conditions. Note the lower cortical localization of the protein in the 
chs5∆ mutant independently of the media pH. The quantitative results are the average of at least three independent 
experiments counting at least 120 cells in each experiment. (G) Phenotypes of the indicated mutants in different media. 
Note that the absence of Aps1 restores wild-type calcofluor sensitivity of the chs5∆ mutant but not its growth on Na+ or 
Li+ plates.
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for exomer sensitivity to alkali metal cations. Accordingly, overex-
pression of the K+ transporter Trk1 did not rescue the sensitivity of 
the chs5∆ to alkali metal cations. In contrast, overexpression of the 
efflux pumps Qdr2 and Ena1 effectively rescued this phenotype. 
Because overexpression of Qdr2 also alleviated the NH4+ sensitiv-
ity of exomer deficiency, it is likely that the Qdr2 effect is a conse-
quence of its activity as a general cation transporter with low speci-
ficity (Ríos et al., 2013).
Our data are most consistent with the model in which the Na+/Li+ 
sensitivity of chs5∆ is caused by the reduced activity of Ena1 at the 
plasma membrane. It is tempting to speculate that Ena1 may be a 
new exomer cargo because of its structural similarity to Chs3. How-
ever, Ena1 efficiently reaches the PM in the absence of exomer. Nev-
ertheless, the polarized delivery of Ena1 is significantly reduced in 
the chs5∆ mutants (Figure 5, Supplemental Figure S3, and Figure 
8B). We hypothesize that for Ena1 to act as a detoxifier it needs to 
be localized to the bud in order to protect the growing bud. The 
bud is particularly sensitive to any insult—such as Li+/Na+ stress—
because the cell wall in this area is less rigid and less complex than 
in the mother. As a consequence, the effects of the alkali metals in 
cell integrity may be more severe in the bud than in the mother. It is 
also conceivable that Ena1 localization distinctly shields the bud 
from damage, considering that it is destined to become the young 
daughter after cell division. There is also a transcriptional compo-
nent as Ena1 levels are lower in the chs5∆ mutant. Therefore, the 
combination of the reduced levels of the protein together with its 
altered distribution can explain the sensitivity of chs5∆ to alkali 
metal cations.
The role of exomer in Ena1 polarization as well as in the polar-
ization of previously described bona fide cargos, such as Fus1, 
Chs3, or Pin2, caused us to speculate that exomer may have a 
general role in the polarized delivery of TM proteins. However, nei-
ther Sho1 nor Snc1, as examples of other highly polarized TM pro-
teins, showed altered localization in the chs5∆ mutant. Moreover, 
the dependence of both Chs3 and Ena1 on Sro7 on their transit to 
the PM did not seem to be mechanistically relevant because other 
TM proteins also transported through Sro7, such as Hxt7 or Stl1, 
showed normal localization in the exomer-deficient mutants. Fur-
thermore, exomer function may be even more general. For exam-
ple, Skg6, also localized in a polarized manner, can bind to the 
exomer complex in vivo and in vitro but is not dependent on 
exomer for polarized localization in rich medium (Ritz et al., 2014). 
Hence, what would be the common char-
acteristics for these proteins? There is no 
common trait in terms of amino acid se-
quence, topology, functional domains, and 
number of transmembrane domains. It ap-
pears as if there were several types of pro-
teins whose traffic depends on exomer and 
that in a general sense they could be con-
sidered exomer cargoes. Bona fide cargoes 
are strictly dependent on exomer such as 
Chs3, Fus1, and Pin2. They require con-
stant endocytosis and recycling through 
the TGN for their polar PM localization. 
Conversely, other types of cargoes are not 
strictly dependent on exomer. They can 
use alternative pathways and do not re-
quire constant endocytosis and recycling 
through the TGN; examples are Skg6 (Ritz 
et al., 2014) and the here described Ena1. 
Our data point toward a more general role 
the different pHs in chs5∆ compared with wild type (see Supple-
mental Figure S4A). In contrast, Rim21-2xGFP fluorescent foci dif-
fered significantly between strains. Rim21-2xGFP was mostly local-
ized as discrete spots in the cell periphery in wild type at either pH 
5.0 or pH 8.0 (Figure 7F). By contrast, the number of Rim21-2xGFP 
spots in the chs5∆ mutant was reduced, and the spots were distrib-
uted throughout the cell volume in the chs5∆ mutants, showing a 
reduced association with the cell periphery (Figure 7F). Treatment 
with latrunculin A (LatA) to block endocytosis did not improve the 
numbers of cortical foci in the chs5∆ mutant (Supplemental Figure 
S4B), and these foci partially colocalized with the TGN marker Sec7 
(Supplemental Figure S4C). These results suggest that Rim21 is at 
least partially retained at the TGN in the chs5∆ mutant, suggesting 
Rim21 localization might be dependent on exomer. Yet, all exomer-
dependent cargoes described so far regain PM localization on AP-1 
deletion, which was not the case for Rim21. The deletion of APS1 
has a minor effect on the cortical localization of Rim21-2xGFP foci 
(Supplemental Figure S4D). Nevertheless, chs5∆ aps1∆ mutant cells 
were still as sensitive as chs5∆ for growth on alkali metal-containing 
medium (Figure 7G), and Rim101 remained essentially unprocessed 
at alkaline pH in the double mutant (see Supplemental Figure S4E). 
Our results thus indicate that exomer is required for the efficient lo-
calization of the Rim21 sensor at the PM, which is essential for 
proper signaling by the RIM101 pathway.
DISCUSSION
Ena1, a potential new exomer cargo with distinct properties
Exomer is required for the delivery of several proteins to the PM, 
including Chs3, Fus1, and Pin2. However, none of these cargoes 
can be linked to the sensitivity to cationic compounds of exomer-
deficient strains. In contrast, theses sensitivities are observed in 
mutants of cation transporters such as Trk1/2 or Ena1-4. In addi-
tion, our multicopy suppression analysis revealed the ability of sev-
eral HAL genes to suppress the sensitivity of the chs5∆ mutant 
toward alkali metal cations. Deletion of Ppz1/2 phosphatases, 
which act as negative regulators of halotolerance, also reduced 
the sensitivity of exomer mutants to Na+ or Li+ (see Figure 8A). 
Moreover, exomer mutants displayed a reduction in K+ influx re-
sulting in reduced intracellular K+ levels. Consistently, high K+ con-
centrations suppressed the chs5∆ sensitivity to hygromycin (Figure 
1B). However, external K+ had a minor effect on Na+/Li+ sensitivity, 
arguing against a direct defect in K+ transport as the major reason 
FIGURE 8: Scheme for exomer’s role on Ena1 function. (A) Simplified scheme of the control 
of alkali metal cation transport across the PM in S. cerevisiae. (B) Exomer controls alkali metal 
cation sensitivity by directly controlling Ena1 polarization and indirectly controlling Ena1 levels 
through the activation of the RIM101 signaling pathway.
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endosomal compartments. This function would be similar to the one 
of Sec16, for example, in organizing transitional ER exit sites (Kung 
et al., 2012). Obviously, this also raises the possibility that this 
organizing function, apart from being a cargo adaptor, might be 




The yeasts strains used throughout this work were made in the 
W303 or YPH499 genetic backgrounds as indicated in Table 1. 
Gene deletions were made using the gene replacement technique 
with different deletion cassettes based on natMX4, kanMX4, and 
hphNT1 resistance (Goldstein and McCusker, 1999). Proteins were 
tagged chromosomally at their C-terminus with 3xHA or GFP, em-
ploying integrative cassettes amplified from pFA6a-3HA-hphMx6 or 
pFA6a-GFP-hphMx6, respectively (Sato et al., 2005). RIM21-2xGFP 
construction was made using a specific set of primers and a plasmid 
with the cassette 2xGFP::kanMX4. Whenever possible, GFP-tagged 
proteins were tested for functionality. In particular, chromosomally 
tagged Ena1-GFP was shown to be functional by testing the sensi-
tivity of the corresponding strains to several stresses (Supplemental 
Figure S1A). Functionality of the pCM262::ENA1-GFP [tetO7-ENA1-
GFP::URA3] construct has been previously reported (Marques et al., 
2015). The effect of different mutations on the localization of the 
tagged proteins were tested by deleting the corresponding genes 
on the strain contained the tagged protein to avoid the variability 
caused by potentially different versions of the tagged protein. The 
effects of the different mutations were always tested in two indepen-
dent clones.
General methods for yeast handling have been previously de-
scribed (Rose et al., 1990). In brief, yeasts were transformed using 
the standard lithium acetate/polyethylene glycol procedure.
The plasmids used in this work are described in Table 2.
Media and growth assays
Yeast cells were grown at 28°C or 30°C in YEPD (1% Bacto yeast 
extract, 2% peptone, and 2% glucose) or in SD medium (2% glucose, 
0.7% Difco yeast nitrogen base without amino acids) supplemented 
with the appropriate amino acids. Medium was supplemented 
before pouring with different compounds at the concentration 
indicated for each experiment. In most cases, NaCl was added 
between 0.7 and 1.0 M, LiCl from 0.1 to 0.2 M, NH4Cl from 0.1 to 
0.2 M, and Calcofluor White from 0.01 to 0.3 mg/ml. Hygromycin 
was used between 40 and 100 µg/ml, and, when required, the pH of 
the media was adjusted with 50 mM phosphate buffer at pH 5.0 and 
7.0 and Tris-HCl buffer to pH 8.0.
Drop tests
For assessment of the growth phenotypes, fresh cells of each tested 
strain were resuspended in water and adjusted to 1.0 OD600. Ten-
fold serial dilutions were prepared, and drops were spotted onto 
appropriate YEPD or SD agar plates supplemented as indicated in 
the text. Plates were incubated at 28°C for 2–5 d.
Gradient plates were prepared by successive pouring of two lay-
ers of media with different compositions. The first layer (containing 
the tested compound) was poured into a moderately inclined 
square Petri dish. After solidification, the plate was placed into a flat 
position, and the second layer (with the same composition, only 
without the inhibitory compounds) was poured on top (Maresova 
and Sychrova, 2005). In these experiments, the same dilution of the 
culture (OD600 = 0.1) was spotted along the plate.
for exomer in polarized secretion, which is compatible with its pre-
viously described role as a dedicated cargo adaptor (Bonifacino, 
2014; Paczkowski et al., 2015). In this more general scenario for 
exomer function, we expect an increase in the numbers of proteins 
dependent on exomer for polarized PM localization to be de-
scribed in the future.
Expanding exomer functionality at the TGN
In addition to functioning as a cargo adaptor, exomer may have ad-
ditional roles. Ena1 protein levels were reduced in the chs5∆ mu-
tant, which was accompanied by an increase of Qdr2 protein ex-
pression. These effects were a direct consequence of a deficient 
RIM101 signaling pathway caused by the poor processing of Rim101 
protein in the chs5∆ mutant. Accordingly, chs5∆ and rim101∆ mu-
tants share multiple phenotypes (Figure 7A). Moreover, expression 
of a constitutively processed form of Rim101 partially alleviated the 
Na+/Li+ sensitivity of the chs5∆ mutant.
Our results unambiguously showed a clear defect in the recruit-
ment of the RIM101 processing machinery (see Figure 8B for a sche-
matic summary), which may help to explain the improper processing 
of Rim101. In the chs5∆ mutant, the alkaline pH sensor Rim21 did 
not efficiently reach the PM, impeding the Rim20 and Rim13 recruit-
ment to the PM after alkalinization of the media. This failure pre-
vents Rim101 proteolytic processing by the Rim13 protease and a 
reduction in RIM101 signaling, causing decreased Ena1 and in-
creased Qdr2 levels. The simplest explanation for Rim21 mislocal-
ization is that either Rim21 itself or one of its interaction partners, 
Dfg16 and Rim9, is an exomer cargo. However, deletion of AP-1 
complex did not significantly improve Rim21 PM localization and 
Rim101 processing in the chs5∆ mutant. Furthermore, all exomer 
cargoes are localized in a polarized manner while the Rim21 com-
plex does not have a polar distribution and may not require AP-1 
recycling. Therefore, the possibility that at least one component of 
the Rim101 signaling complex could be an exomer cargo, although 
unlikely, remains open.
Alternatively, but not mutually exclusively, the defective recruit-
ment of processing foci could be due to an aberrant TGN compart-
ment organization in exomer mutants. Consistent with this possibil-
ity, chs5∆, like multiple endosomal mutants, is sensitive to 
hygromycin and rapamycin (Figure 1 and Parsons et al. [2004] and 
Fell et al. [2011]). Moreover, chs5∆ genetically interacts with several 
vps mutants (Costanzo et al., 2010), including vps27∆, vps24∆ and 
several components of the retromer and CORVET complexes, high-
lighting an altered function of the late endosomal compartment in 
the absence of exomer. This function is fully in line with the previ-
ously proposed role of exomer at the TGN/EE boundary where, in 
addition to its role as cargo adaptor, it may amplify the membrane 
remodeling activity of the Arf1 GTPase. Impaired Arf1 GTPase activ-
ity has an important impact on the membranes of the TGN/EE 
boundary (Yahara et al., 2001) and explains the phenotypes de-
scribed. The expansion of the Golgi membrane in the arf1-18 mu-
tant (Yahara et al., 2001) is reminiscent to the Golgi structure ob-
served in an exomer/AP-1 double mutant in Schizosaccharomyces 
pombe (Hoya et al., 2017), consistent with a role of Arf1 in exomer 
and AP-1-dependent transport.
In summary, our work describes new biological roles for the 
exomer complex at the TGN, expanding its function as a direct 
adaptor for a restricted number of bona fide cargoes to a more 
general one involved in the polarized secretion of multiple proteins. 
Both roles are equally compatible with the function of organizing a 
platform for loading cargo at the TGN, which would contribute to 
the proper traffic of many other proteins through the different 
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Strain Genotype Origin/Reference
CRM67 W303, mat a, (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) Lab collection
CRM2268 W303, mat a, chs5∆::natMx4 Lab collection
CRM2688 W303, mat a, trk1∆::LEU2 trk2∆::HIS3 Madrid et al. (1998)
CRM2689 W303, mat a, ena1-4∆::HIS3 Yenush et al. (2002)
CRM1590 W303, mat a, chs3∆::natMx4 Lab collection
CRM3056 W303, mat a, rim101∆::kanMx4 This study
CRM2888 W303, mat a, NHA1-GFP::hphNT1 This study
CRM2896 W303, mat a, chs5∆::natMx4 NHA1-GFP::hphNT1 This study
CRM1278 W303, mat a, chs3∆::URA3 chs5∆::natMx4 Lab collection
CRM3119 W303, mat a, HXT7-GFP::hphNT1 This study
CRM3121 W303, mat a, chs5∆::natMx4 HXT7-GFP::hphNT1 This study
CRM3117 W303, mat a, STL1-GFP::hphNT1 This study
CRM3121 W303, mat a, chs5∆::natMx4 STL1-GFP::hphNT1 This study
CRM3058 W303, mat a, chs5∆::natMx4 rim101∆:: kanMx4 This study
CRM3085 W303, mat a, RIM101-3xHA::LEU2 This study
CRM3086 W303, mat a, chs5∆::natMx4 RIM101-3xHA::LEU2 This study
CRM3133 W303, mat a, RIM21-2xGFP::kanMx4 This study
CRM3153 W303, mat a, RIM21-2xGFP::kanMx4 chs5∆::natMx4 This study
CRM3094 W303, mat a, RIM13-GFP::kanMx4 This study
CRM3096 W303, mat a, chs5∆::natMx4 RIM13-GFP::kanMx4 This study
CRM3098 W303, mat a, RIM20-GFP::kanMx4 This study
CRM3100 W303, mat a, chs5∆::natMx4 RIM20-GFP::kanMx4 This study
CRM3155 W303, mat a, aps1∆::kanMx4 This study
CRM3157 W303, mat a, chs5∆::natMx4 aps1∆::kanMx4 This study
CRM2406 W303, mat a, PIN2-GFP::hphNT1 This study
CRM2507 W303, mat a, chs5∆::natMx4 PIN2-GFP::hphNT1 This study
CRM3198 W303, mat a, RIM101-3xHA::LEU2 aps1∆::hphNT1 This study
CRM3191 W303, mat a, chs5∆::natMx4 RIM101-3xHA::LEU2 aps1∆::hphNT1 This study
YAS2157 YPH499, QDR2-GFP::TRP1 This study
YAS2158 YPH499, QDR2-GFP::TRP1 chs5∆::LEU2 This study
YAS2202 YPH499, ENA1-GFP::TRP1 This study
YAS2241 YPH499, ENA1-GFP::TRP1 chs5∆::LEU2 This study
CRM3159 YPH499, ENA1-GFP::TRP1 chs5∆::natMx4 This study
YAS563-16a YPH499, bch1∆::HIS5 (S. pombe) bch2∆::KAN (Tn 903) bud7∆::LEU2 (K. lactis) 
chs6∆::URA3 (K. lactis)
Trautwein et al. (2006)
YAS563-5a YPH499, bch1∆::HIS5 (S. pombe) Trautwein et al. (2006)
YAS1974 YPH499, ppz1∆::HIS5 (S. pombe) This study
YAS1975 YPH499, ppz1∆::HIS5 (S. pombe) chs5∆::LEU2 This study
YPH499 Mat a, ura3-52 lys2-801 ade2-101 trp1-∆63 his3-∆200 leu2-∆1 Spang lab
YAS431 YPH499, chs5∆::LEU2 Spang lab
CRM3273 W303, mat a, RIM21-2xGFP::kanMx4 SEC7-mRuby2::URA3 This study
CRM3274 W303, mat a, RIM21-2xGFP::kanMx4 SEC7-mRuby2::URA3 chs5∆::natMX4 This study
FCM603 W303, mat a, RIM13::natMx4 Lab collection
CRM3381 W303, mat a, vps27∆::kanMx4 chs5∆::natMX4 This study
CRM3382 W303, mat a, vps27∆::kanMx4 This study
TABLE 1: Yeast strains used.
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YEPD. Aliquots were taken at the indicated times. Sample treat-
ment and lithium determination were performed as for the Rb+/K+ 
experiments.
Fluorescence microscopy
Yeast cells expressing GFP-tagged proteins were grown to early 
logarithmic phase in SD medium supplemented with 0.2% adenine. 
Living cells were visualized directly by fluorescence microscopy.
Most of the images were obtained using a Nikon 90i epifluores-
cence microscope (100× objective, NA: 1.45), equipped with a 
Hamamatsu ORCA ER digital camera, and by using a 49002 ET-GFP 
(FITC/Cy2) and 49005 ET-DsRed (TRITC/Cy3) filters (Chroma Tech-
nology Corp). The images were then processed using the ImageJ 
software (NIH) and mounted with Adobe Photoshop CS5 (San José, 
CA) software. All images shown in each series were acquired under 
identical conditions and processed in parallel to preserve the rela-
tive intensities of fluorescence for comparative purposes. In all 
figures, the white scale bar represents 5 µm.
Where appropriate, image measurements were statistically ana-
lyzed using the t test for unpaired data. Analyses were performed 
using the GraphPad Prism (GraphPad Software, La Jolla, CA) soft-
ware. Significantly different values (p < 0.05, p < 0.01, and p < 0.001) 
are indicated (*, **, ***).
Quantification of the Ena1-GFP polarization
To obtain an unbiased measurement of the cellular polarization of 
Ena1-GFP, we determined the daughter/mother plasma membrane 
signal coefficient (polarization coefficient) at every single cell. Inten-
sities were measured on raw images with FIJI software (ImageJ) by 
drawing a line along the cell contour (Freehand Line, 8 Line Width) 
Multicopy suppressor screen
One hundred nanograms of a Yep24 genomic plasmid library 
(Carlson and Botstein, 1982) was transformed into chs5∆ cells using 
the LiAc method. For this experiment, aliquots were plated out on 
either Hartwell´s Complete minus uracil (HC-URA) or YEPD 0.2 M 
LiCl plates and incubated at 30°C. The next day, colonies from HC-
URA plates were replica plated onto YEPD 0.2 M LiCl plates and 
YEPD 0.2 M LiCl-derived colonies onto HC-URA. Colonies from 
both regimes were replica plated onto HC-URA and YEPD 0.2 M 
LiCl plates. Colonies that grew on both plates were expanded, and 
the plasmids were isolated and sequenced.
K+ content of cells and Rb+/Li+ transport experiments
The time course of Rb+ uptake of actively growing cells was studied in 
YEPD media as described (Mulet and Serrano, 2002). When the OD600 
of the culture reached values of 0.3, RbCl (50 mM) was added to the 
medium (time zero), and cell samples were removed at various times 
afterward for the intracellular determination of Rb+.  Intracellular K+ 
was determined in logarithmically growing cells in YEPD.
For the determination of intracellular levels of Rb+/K+ cells were 
grown as indicated above, collected by centrifugation, and washed 
twice with 10 ml of an ice-cold 20 mM MgCl2 solution. The cell pellets 
were finally resuspended in 0.5 ml of the same 20 mM MgCl2 solu-
tion. Ions were extracted by heating the cells for 15 min at 95°C. After 
centrifugation, aliquots of the supernatant were analyzed with an 
atomic absorption spectrometer (SensAA) in flame emission mode.
For the Li+ extrusion experiments, cells were grown to an OD600 
of 0.6, collected by centrifugation and transferred to fresh YEPD 
containing 0.2 M LiCl. After 4 h incubation, cells were centrifuged, 
washed twice with a 20 mM MgCl2 solution, and transferred to fresh 
Plasmid Genotype Origin/Reference
CRM2684 pRS414::TRK1-GFP Yenush et al. (2005)
CRM2686 pCM262::ENA1-GFP [tetO7-ENA1-GFP::URA3] Marques et al. (2015)
CRM1598 pR315::CHS3-GFP Sacristan et al. (2013)
CRM1715 pRS315::GFP-SNC1 Spang lab
CRM1855 pRS416::SHO1-GFP F. Posas, Universidad  Pompeu Fabra, Spain
CRM3075 pKR41::RIM101-3xHA::LEU2 Rothfels et al. (2005)
FCM129 pWL86 [pRS314::RIM101C531] Li and Mitchell (1997)
FCM591 pRS315:: RIM101C531 Lab collection
CRM2071 pYM38::2xGFP-kanMx4 R. Wedlich-Söldner,  University of Muenster, Germany
RS702 yEP351::HAL1 Rios et al. (1997)
JRM5 yEP351::HAL2 Murguia et al. (1996)
RS1068 yEP351::HAL3 Ferrando et al. (1995)
PM73 yEP351::HAL4 Mulet et al. (1999)
PM89 yEP351::HAL5 Mulet et al. (1999)
pRG296-2 pGN621::TRK1 Gaber et al. (1988)
JM1 yEP351::KHA1 This study
JM3 yEP351::NHX1 This study
JM4 yEP351::NHA1 This study
YAS1254 YEp24::ENA1 Ferrando et al. (1995)
PM71 yEP351::QDR2 Ríos et al. (2013)
TABLE 2: Plasmids used.
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and acquiring the average intensity value (Analyze/measure); an 
intensity value was obtained for every mother and daughter cell (the 
bud). Measurements were only performed at budded cells following 
the schemes represented (Supplemental Figure S2A) depending on 
the size of the bud. The background average intensity in the cell 
proximity for every single cell was subtracted. After the background 
subtraction, the daughter/mother polarization coefficient was calcu-
lated for every cell, C = D/M.
Colocalization of Rim21-2xGFP with Sec7-mR2 positive 
structures
Quantification was performed in FIJI software (ImageJ) as follows. 
First, both green and red channels were prefiltered with a dedicated 
macro to eliminate most of the background. Then a threshold was 
manually adjusted for Sec7-mR2 images before loading Sec7-mR2 
regions of interest (ROIs) at ROI Manager (Image/Adjust/Threshold, 
Analyze/Analyze Particles, Size 6-1000, Circularity 0-1). After that, 
the Sec7-mR2 ROIs were overlapped to the pre-filtered Rim21-
2xGFP images and the colocalization of Rim21 particles with Sec7 
ROIs was manually accounted with the cell counter tool (Plugins/
Analyze/Cell Counter). Note that Rim21-2xGFP ROIs were not ac-
quired because Rim21-2xGFP signal was too dim to obtain an ac-
curate threshold.
Protein extracts and immunoblotting
Total cell lysates were prepared by resuspending cells obtained 
from the 30-ml logarithmic cultures in 150 µl of lysis buffer (50 mM 
Tris-HCl, pH 8, 0.1% Triton, 150 mM NaCl) containing 1× protease 
inhibitor cocktail (1 mM PMSF, 1 µg ml–1 aprotinin, 1 µg ml–1 leu-
peptin, 1 µg ml–1 pepstatin A). Cells were disrupted using glass 
beads (0.45 mm, SIGMA) during three pulses of 15 s each with an 
intensity of 5.5 units in a Fast prep (FP120, BIO101). Cell debris was 
eliminated by centrifugation (5 min, 10,000 × g, 4°C) and the resul-
tant supernatant was boiled for 5 min with 4× sample buffer (0.2 M 
Tris-HCl pH 6.8, 4% SDS, 40% glycerol, 4% β-mercaptoethanol); 
100 µg of protein per sample was used.
For visualizing Ena1-GFP and Rim21-2xGFP in Western blot ex-
periments, the trichloroacetic acid (TCA) protocol was used. To do 
this, the same OD600 of cells from the logarithmic cultures was pro-
cessed for each sample, and the entire procedure was carried out on 
ice until the boiling step. Cells were centrifuged, resuspended in 20% 
TCA, and frozen for at least 3 h. The samples were then thawed and 
the centrifuged cells were disrupted in 1.5-ml tubes with 100 µl of 
20% TCA and glass beads (0.45 mm; Sigma) during three pulses of 
15 s with an intensity of 5.5 in a Fast prep (FP120, BIO101). Extracts 
were transferred to new tubes, and 5% TCA was added to the ex-
tracts up to final TCA concentration of ∼10%. Precipitated proteins 
were then collected by centrifugation at 900 × g for 10 min and the 
supernatant was completely discarded. Then 50 µl of 2× sample buf-
fer was added (100 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 
25 mM dithiothreitol (DTT), and traces of bromophenol blue) and 
vortexed, and an additional 50 µl of 2 M Tris-HCl, pH 7.5, was added. 
The extracts were boiled for 5 min and centrifuged for 5 min at 
15,000 × g. The supernatant was collected, and 15 µl was used for 
Western blot analysis.
Both types of extracts were separated on 7.5% SDS–PAGE (6.5% 
for Rim21-2xGFP) and transferred onto PVDF membranes (Trilla 
et al., 1999). The membranes were blocked with skimmed milk and 
incubated with the corresponding antibodies: anti-GFP JL-8 mono-
clonal antibody (Living colors; Clontech), anti-HA 12CA5 (Roche), 
anti-tubulin (T5162; Sigma), depending on the experiments. Blots 
were developed using the ECL kit (Advansta).
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For determining Rim101 expression, cells growing logarithmi-
cally in selective SD media were transferred at an OD600 of 0.4 into 
fresh SD media (pH 5.0 and 7.0) and incubated for an additional 3 h 
and then processed as indicated above.
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Al	 inicio	 de	 esta	 tesis	 doctoral,	 un	 proyecto	 independiente	 llevado	 a	 cabo	 en	 el	 laboratorio	
del	profesor	Javier	Valdéz	Taubas,	enfocado	a	la	búsqueda	de	modificaciones	post-traduccionales	
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membranas	presente	en	 los	ChAPs	Bch1/Bud7	 (Huranova	et	al.,	 2016;	Paczkowski	and	Fromme,	
2014).	Así,	por	su	alta	especialización,	Bch2	no	sería	capaz	de	desplazar	completamente	del	TGN/
EE	a	los	ChAPs	Bch1/Bud7,	pero	si	al	ChAP	con	menor	distancia	evolutiva	Chs6.	En	base	a	todo	esto,	
Bch2	habría	 adquirido	unas	 funciones	únicas	 a	 la	 vez	que	habría	mantenido	parcialmente	otras	
compartidas	con	otros	ChAPs.











altamente	 conservado	 en	 otras	 especies	 de	 hongos	 (Roncero,	 2002),	 por	 esta	 razón,	 decidimos	
estudiar	la	relación	exómero-Chs3	en	otros	hongos.	Sorprendentemente,	el	transporte	de	Chs3	a	
la	MP,	al	contrario	que	en	S. cerevisiae,	no	es	dependiente	del	exómero	ni	en	Ustilago maydis, ni 

















de	 proteínas.	 Con	 el	 fin	 de	 ahondar	 en	 el	 porqué	 de	 estas	 diferencias	 entre	 S. cerevisiae	 y	 C. 










obtenidos	 in silico.	 Al	 parecer,	 en	 S. cerevisiae,	 ScChs3	 presenta	 colas	 citosólicas	 únicas	 que	 le	









de	 proteínas	 transmembrana	 como	 la	 función	 conservada	 del	 exómero,	 al	 menos	 en	 el	 clado	
Saccharomycotina.









y	 fruto	 de	 la	 duplicación	 global	 del	 genoma	 que	 dio	 lugar	 al	 género	 Saccharomyces	 tuvo	 lugar	
















de	 los	 fenotipos	 observados	 en	 el	 mutante	 del	 exómero	 de	 S. cerevisiae	 en	 otras	 levaduras	
(Anton	et	al.,	2018;	Hoya	et	al.,	2017),	decidimos	analizar	en	el	mutante	chs5∆	de	S. cerevisiae las 
características	 funcionales	de	 los	ortólogos	de	Chs5	de	 los	ascomicetos	K. lactis	 y	C. albicans, el 
basidiomiceto	Ustilago maydis	y	el	zigomiceto	Mucor circinelloides.	Para	ello,	la	mitad	N-terminal	
de	 estas	 proteínas,	 región	 donde	 residen	 los	 dominios	 con	 las	 funciones	 esenciales	 de	Chs5	de	
S. cerevisiae	 (Martín-García	et	al.,	 2011),	pegadas	a	 la	GFP,	 fueron	expresadas	bajo	el	promotor	
regulable	PGAL1.	Solo	la	proteína	de	K. lactis,	al	igual	que	la	de	S. cerevisiae,	fue	capaz	de	revertir	
en el mutante chs5∆	todos	los	fenotipos	analizados	(resistencia	a	calcoflúor,	y	sensibilidad	a	litio,	
higromicina	 y	 rapamicina).	 Además,	 fue	 capaz	 de	 localizarse	 en	 el	 TGN	 (alta	 colocalización	 con	
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resultado	en	consonancia	con	la	incapacidad	para	revertir	la	resistencia	al	calcoflúor.	Las	proteínas	
de	 especies	 externas	 al	 clado	Ascomycota	 fueron	 capaces	de	 conformar	puntos	 intracelulares	 a	
tiempos	 largos	 de	 expresión,	 sin	 embargo	 no	 colocalizaban	 con	 el	 TGN/EE.	 Adicionalmente,	 la	
proteína	 de	U. maydis	 presentaba	 cierta	 colocalización	 con	 el	 marcador	 de	 cis-Golgi	 Sed5-RFP.	
Además,	ambas	proteínas	fueron	capaces	de	reclutar	a	Chs6	hasta	cierto	punto.	En	cuanto	al	análisis	







Sorprendentemente,	 la	 aparición	 de	 Chs5	 y	 probable	 presencia	 del	 exómero	 coincide	 con	
aquellas	especies	que	han	perdido	el	complejo	adaptador	AP-4.	En	mamíferos,	esta	proteína	media	
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ABSTRACT Yeast exomer is a heterotetrameric complex that is assembled at the trans-Golgi network, which is required for the delivery
of a distinct set of proteins to the plasma membrane using ChAPs (Chs5-Arf1 binding proteins) Chs6 and Bch2 as dedicated cargo
adaptors. However, our results show a significant functional divergence between them, suggesting an evolutionary specialization
among the ChAPs. Moreover, the characterization of exomer mutants in several fungi indicates that exomer’s function as a cargo
adaptor is a late evolutionary acquisition associated with several gene duplications of the fungal ChAPs ancestor. Initial gene duplication
led to the formation of the two ChAPs families, Chs6 and Bch1, in the Saccaromycotina group, which have remained functionally
redundant based on the characterization of Kluyveromyces lactis mutants. The whole-genome duplication that occurred within the
Saccharomyces genus facilitated a further divergence, which allowed Chs6/Bch2 and Bch1/Bud7 pairs to become specialized for specific
cellular functions. We also show that the behavior of S. cerevisiae Chs3 as an exomer cargo is associated with the presence of specific
cytosolic domains in this protein, which favor its interaction with exomer and AP-1 complexes. However, these domains are not conserved
in the Chs3 proteins of other fungi, suggesting that they arose late in the evolution of fungi associated with the specialization of ChAPs as
cargo adaptors.
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THE trans-Golgi network (TGN) constitutes a major sort-ing platform for the intracellular trafficking of proteins in
all eukaryotic cells (Guo et al. 2014); therefore, it is not surpris-
ing that the molecular mechanisms involved in protein sort-
ing at the TGN are evolutionarily conserved. However, despite
this conservation, very little is known about the mechanisms
that participate in this event.
Chitin synthesis in yeast was envisioned several years ago
asamodel for the studyof the intracellular traffickingofproteins
because the activity of the major chitin synthase depends on
the efficient traffic of its catalytic subunit, Chs3, to the plasma
membrane (PM) (Roncero 2002). In Saccharomyces cerevisiae,
the trafficking of Chs3 to the PM is blocked at the TGN/EE
boundary in the absence of Chs5 (Santos and Snyder 1997) or
Chs6 (Ziman et al. 1998) proteins. A further characterization
of these proteins showed that both form the exomer together
with three Chs6 paralogs, a complex that is required for the
TGN to cell surface transport of Chs3 (Santos and Snyder
1997; Sanchatjate and Schekman 2006; Trautwein et al.
2006; Wang et al. 2006). Later on, it was demonstrated that
the proteins Fus1 (Santos and Snyder 2003; Barfield et al.
2009) and Pin2 (Ritz et al. 2014) also depend on exomer for
their delivery to the PM. Fus1 and Pin2 are proteins that
contain a single transmembrane (TM) domain with very dif-
ferent functions; while Fus1 is required for cell fusion during
mating (Trueheart et al. 1987), Pin2 is a prion-inducing pro-
tein (Ritz et al. 2014). Despite their different secondary struc-
tures and functions, these three proteins are fully retained
at the TGN in the absence of exomer and have thus been
described as bona fide exomer cargos. Accordingly, exomer
is currently described as a specialized sorting platform at the
TGN (Spang 2015).
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Exomer is assembled at the TGN as a heterotetrameric
complex formed by a dimer of Chs5 bound to two other mol-
ecules of either Bch1, Bud7, Chs6, or Bch2 (Paczkowski et al.
2012), all members of the ChAPs (Chs5-Arf1 binding pro-
teins) family (Trautwein et al. 2006). This complex interacts
directly with the Arf1 GTPase through both Chs5 and ChAPs
components (see Supplemental Material, Figure S1 in File S1
for a model of exomer assembly). Based on sequence com-
parisons, ChAPs are separated into two groups: Bch1/Bud7
and Chs6/Bch2 (Trautwein et al. 2006). Bch1 has been
shown to have a defined role in the recruitment of the GTPase
Arf1 to the exomer and, consequently, influences the capacity
of exomer to bend membranes in vitro (Paczkowski and
Fromme 2014). Accordingly, Bch1 is also the most efficient
ChAPs in the functional assemblage of exomer (Huranova
et al. 2016). Bud7, which to date is poorly characterized,
probably has redundant functions with Bch1 (Huranova
et al. 2016). In contrast, Chs6 does not seem to have any
critical role in the assembly of exomer but acts as a dedicated
exomer cargo adaptor. Chs3 interacts with Chs6 through its
C- and N-terminal cytosolic regions (Rockenbauch et al.
2012; Weiskoff and Fromme 2014), facilitating its sorting
at the TGN. Hence, in the absence of Chs6, Chs3 is retained
at the TGN. Interestingly, the concomitant absence of Bch1/
Bud7 also blocks Chs3 at the TGN, which is most likely due to
a general defect in the functioning of exomer (Paczkowski
and Fromme 2014). The function of Bch2, the closest homo-
log to Chs6, is not understood, owing to the absence of dis-
tinct phenotypes for the single mutant bch2D. However, Bch2
is possibly the cargo adaptor of Pin2 (Ritz et al. 2014) and
could also have a minor role in exomer assembly at the TGN
(Huranova et al. 2016).
All of the bona fide cargos of exomer described so far share
the additional characteristics of a polarized distribution and
their arrival at the PM through an alternative route in the ab-
sence of any of the clathrin adaptor complexes AP-1, Gga1/2,
or Ent3/5, which are known to regulate endocytic recycling
(Valdivia et al. 2002; Copic et al. 2007; Barfield et al. 2009;
Ritz et al. 2014). This poorly defined route allows the arrival
of these cargos at the PM even in the absence of exomer. The
mechanisms by which these cargos follow either route to the
PM are not understood; however, it is known that a single
mutation in the N-terminal domain of Chs3, L24A, triggers its
transport via the alternative route by abolishing the physical
interaction between Chs3 and the AP-1 complex (Starr et al.
2012). The role of Gga1/2 in this process is probably indirect,
due to their early acting function, which recruits AP-1 for coat
assembly at the TGN (Daboussi et al. 2012).
However, exomer mutants display several additional phe-
notypes (Trautwein et al. 2006) that cannot be linked to the
defective transport of any of the exomer cargos described to
date. Accordingly, our laboratory recently showed that the PM
ATPase Ena1 relies on exomer for its polarized transport under
several forms of stress, although this protein effectively reaches
the PM in the chs5D mutant (Anton et al. 2017). This finding
suggests a potential role for exomer in the trafficking of a
higher number of proteins that are not recognized as bona
fide exomer cargos.Moreover, the absence of exomer also affects
RIM101 signaling by altering the recruitment of the molecu-
lar machinery involved in the proteolytic processing of Rim101.
These findings are consistent with exomer having a more
general role in the organization of the TGN, which has been
proposed following the characterization of exomer-deficient
mutants in Schizosaccharomyces pombe (Hoya et al. 2017).
The basic rules governing intercellular trafficking are sim-
ple and relatively well conserved, but its complexity is enor-
mous, providing specific solutions for the traffic between
different organelles (Schlacht et al. 2014). Part of this com-
plexity is achieved by the presence of multiple families of
paralogous proteins that can act at discrete localizations or
interact with different groups of cargos. Hence, the specificity
of trafficking is in part encoded in the combinatorial interac-
tions of these various players, including small GTPases and
their regulators, cargo adaptors, and coat proteins. The func-
tional relationship between exomer and several of the adaptor
complexes described above, togetherwith the evolutionary con-
servation of both complexes (Trautwein et al. 2006; Barlow
et al. 2014) in fungi, provides an attractive framework for
studying the potential coevolution between both complexes.
Moreover, the evolutionary divergence of the ChAPs family
provides the possibility of testing the potential specialization
of exomer function along fungal evolution, while also address-
ing the ancient and conserved function of exomer.
Materials and Methods
Yeast strain construction
S. cerevisiae mutant strains were all made in the W303 back-
ground. Kluyveromyces lactis KHO69-8C, Candida albicans
BWP17, andUstilagomaydis FB1 background strainswere also
used (Table 1). Specific transformation protocols were used
for each species (see below).
S. cerevisiae constructions: Yeast cells were transformed
using the standard lithium acetate/polyethylene glycol pro-
cedure (Rose et al. 1990). Gene deletions were made using
the gene replacement technique,with different deletion cassettes
based on the natMX4, kanMX4, or hphNT1 resistance genes
(Goldstein andMcCusker 1999). For the insertion of the GAL1
promoter in front of the different ORFs, the cassette was am-
plified from pFA6a-kanMX4-pGAL1 (Longtine et al. 1998).
Proteins were tagged chromosomally at their C-terminus with
GFP or mCherry, employing integrative cassettes amplified
from pFA6a-GFP-hphMx6/pFA6a-GFP::natMx4 or pFN21 (Sato
et al. 2005). The delitto perfetto technique was performed to
generate the gene truncations within the genome. In brief,
this approach allows in vivomutagenesis using two rounds of
homologous recombination. The first step involves the inser-
tion of a cassette containing two markers at or near the locus
to be altered. The second one involves complete removal of
the cassette and transfer of the expected genetic modification
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Table 1 Yeast strains used
Strain Genotype Origin/reference
S. cerevisiae
CRM67 W303, MATa, (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) Laboratory collection
CRM2268 W303, MATa, chs5D::natMx4 Laboratory collection
CRM1590 W303, MATa, chs3D::natMx4 Laboratory collection
CRM1278 W303, MATa, chs3D::URA3 chs5D::natMx4 Laboratory collection
CRM2775 W303, MATa, bch1D::kanMx4 This study
CRM2778 W303, MATa, bud7D::natMx4 This study
CRM3068 W303, MATa, chs6D::kanMx4 This study
CRM3083 W303, MATa, bch2D::natMx4 This study
CRM3066 W303, MATa, bch1D::kanMx4 bud7D::natMx4 This study
CRM3081 W303, MATa, chs6D::kanMx4 bch2D::natMx4 This study
CRM2233 W303, MATa, kanMx6::PGAL1-BCH1 This study
CRM2244 W303, MATa, kanMx6::PGAL1-BUD7 This study
CRM2379 W303, MATa, kanMx6::PGAL1-CHS6 This study
CRM2426 W303, MATa, kanMx6::PGAL1-BCH2 This study
CRM1777 W303, MATa, chs3D::URA3 aps1D::kanMx4 Laboratory collection
CRM3089 W303, MATa, bch1D::kanMx4 bud7D::natMx4 chs3D::hphNT1 This study
CRM3091 W303, MATa, chs6D::kanMx4 bch2D::natMx4 chs3D::hphNT1 This study
CRM3155 W303, MATa, aps1D::kanMx4 Laboratory collection
CRM3157 W303, MATa, chs5D::natMx4 aps1D::kanMx4 Laboratory collection
CRM2406 W303, MATa, PIN2-GFP::hphNT1 Laboratory collection
CRM2507 W303, MATa, chs5D::natMx4 PIN2-GFP::hphNT1 Laboratory collection
CRM2474 W303, MATa, kanMx6::PGAL1-BUD7 PIN2-GFP::hphNT1 This study
CRM2509 W303, MATa, kanMx6::PGAL1-BCH2 PIN2-GFP::hphNT1 This study
CRM2511 W303, MATa, kanMx6::PGAL1-BCH1 PIN2-GFP::hphNT1 This study
CRM2512 W303, MATa, kanMx6::PGAL1-BCH6 PIN2-GFP::hphNT1 This study
CRM2287 W303, MATa, bar1D::natMx4 This study
CRM2461 W303, MATa, bar1D::natMx4 chs5D:: hphNT1 This study
CRM2288 W303, MATa, kanMx6::PGAL1-BCH1 bar1D::natMx4 This study
CRM2289 W303, MATa, kanMx6::PGAL1-BUD7 bar1D::natMx4 This study
CRM1821 W303, MATa, CHS6-mCherry::natMx4 Laboratory collection
CRM2179 W303, MATa, CHS5-mCherry::natMx4 Laboratory collection
CRM2235 W303, MATa, BCH2-GFP::hphNT1 This study
CRM2637 W303, MATa, BCH2D118-GFP::natMx4 This study
CRM2639 W303, MATa, BCH2D31-GFP::natMx4 This study
CRM2584 W303, MATa, kanMx6::PGAL1-BCH1-BCH2Frg1 This study
CRM2586 W303, MATa, kanMx6::PGAL1-BCH1-BCH2Frg2 This study
CRM2588 W303, MATa, kanMx6::PGAL1-BCH1-BCH2Frg3 This study
CRM2641 W303, MATa, kanMx6::PGAL1-BCH2-GFP::natMx4 This study
CRM2644 W303, MATa, kanMx6::PGAL1-BCH2D118-GFP::natMx4 This study
CRM2647 W303, MATa, kanMx6::PGAL1-BCH2D31-GFP::natMx4 This study
K. lactis
CRM2632 KHO69-8C, ΜΑΤa, (ura3 leu2 his3:loxP ku80:loxP) Heinisch et al. (2010)
CRM2823 KHO69-8C, MATa, Klchs5D::URA3 This study
CRM2666 KHO69-8C, MATa, Klchs3D::LEU2 This study
CRM2677 KHO69-8C, MATa, Klbch1D::URA3 This study
CRM2701 KHO69-8C, MATa, Klchs6D::LEU2 This study
CRM2712 KHO69-8C, MATa, Klchs6D::LEU2 Klbch1D::URA3 This study
C. albicans
CAI4 ura3::imm434/ura3::imm434 Mio et al. (1996)
CRM693 CAI4, chs3D::ura3D/chs3D::ura3D Sanz et al. (2005)
CRM743 CAI4, chs3D/chs3D ura3D/ura3D Mio et al. (1996)
CRM2499 BWP17, (ura3::imm434/ura3::imm434 his1::hisG/his1::hisG arg4::hisG/arg4::hisG) Enloe et al. (2000)
CRM2531 BWP17, Cachs5D::ARG4/Cachs5D::HIS1 This study
CRM2607 BWP17, CHS3-GFP::SAT1 This study
CRM2628 BWP17, Cachs5D::ARG4/Cachs5D::HIS1 CHS3-GFP::SAT1 This study
U. maydis
CRM2442 FB1, a1 b1 Banuett and Herskowitz (1989)
CRM2443 FB1, a1 b1, Umchs5D::hyg This study
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to the chosen DNA locus. Specific protocols for this technique
have been extensively described (Stuckey et al. 2011).
K. lactis constructions: As in S. cerevisiae, gene deletions
were made using the gene replacement technique; however,
the DNA replacement cassette was highly concentrated (153)
(Rippert et al. 2017). In brief, cells (his3:loxP ku80:loxP, see
Table 1) in log phase were made competent by resuspending
them in a specific solution (1 M sorbitol, 1 mM bicine pH 8.35,
and 3% ethylene glycol) and freezing the resuspension for
at least 2 hr at 280. Thawed cells were incubated for 5 min
at 37 with 50 ml of FISH DNA and15 ml of the target DNA.
Then, a 40%polyethylene glycol 3300 solutionwas added and
samples were incubated for 1 hr at 30. Finally, the cells were
washed and plated on selective growth media.
C. albicans constructions: The replacement cassettes were
made and concentrated in the same way as the K. lactis
constructs. Yeast cells in log phase were transformed using a
modified lithium acetate/electroporation protocol (Thompson
et al. 1998).
U. maydis constructions: Deletion mutants were generated
using the Golden Gate procedure as described (Terfrüchte
et al. 2014). In short, successive steps of cleavage, using the
BsaI restriction enzyme, and DNA ligation with T4 ligase gen-
erated a plasmidwith the gene replacementmoduleflanked by
homologous regions 500 bp in length. For the transforma-
tion, protoplasts were generated using the Novozym extract
and frozen at280. Thawed cellswere incubatedwith heparin
and concentrated DNA, incubatedwith 40%polyethylene glycol
4000, and finally plated on selective growthmedia as already
described (Tsukuda et al. 1988).
Plasmid construction
The plasmids used throughout this work are described in
Table 2.
Chs3 hybrid proteins (Sc-Ca) were constructed by homol-
ogous recombination in vivo in S. cerevisiae using centromeric
plasmids and were expressed under the control of the native
promoter of ScCHS3.
TheChs3hybridprotein that contains theC-terminal endof
CaChs3 (Chs3CaCT-GFP) was constructed in two steps. First,
the plasmid pHV7-GFP(NotID) was linearized with NotI restric-
tion enzymeand treatedwithKlenow fragment, and then cotrans-
formed into wild-type S. cerevisiae together with the C-terminal
fragment of CaCHS3 (see Figure S6 in File S1), which had been
previously amplified using dual primers designed from the
genome of the C. albicans BWP17 strain. Several URA+ colonies
were selected and the plasmids were rescued in Escherichia coli
DH5a. After construct verification by sequencing, aGFP tag was
added to the end of the hybrid protein by homologous recom-
bination in the Scchs3D mutant, using the appropriate cassette
amplified from the pFA6a-GFP-hphMx6 plasmid.
The N-terminal hybrid protein (CaNTChs3-GFP) was con-
structed using the plasmid pRS313-CHS3-GFP as a template.
The plasmid was linearized with AgeI, treated with Klenow,
and cotransformed into wild-type S. cerevisiae together with
the N-terminal fragment of CaCHS3 (see Figure S6 in File
S1). HIS+ colonies were then selected, and their correspond-
ing plasmids were rescued using E. coli DH5a and sequenced.
Media and growth assays
Yeast cells were grown at 28 in YEPD (1%Bacto yeast extract,
2% peptone, and 2% glucose) or in synthetic (SD) medium
(2% glucose and 0.7% Difco yeast nitrogen base without
amino acids) supplemented with the pertinent amino acids,
and 2% agar in the case of solid mediums. For the C. albicans
strains, YEPD was supplemented with 80 mgliter21 uridine
(YEPDU). In most cases, NaCl was added to a final concen-
tration of between 0.7 and 1M, LiCl between 0.01 and 0.2M,
NH4Cl between 0.1 and 0.2 M, hygromycin between 40 and
100 mgml21, rapamycin between 2 and 20 nM, and calco-
fluor white (CW) between 0.01 and 0.1 mgml21. CW sensi-
tivity was always tested on SD medium buffered with 50 mM
potassium phthalate at pH 6.2 as described (Trilla et al.
1999). For some experiments, yeast extract, glucose, and
supplements (YES) (0.5% Bacto yeast extract, 3% glucose, and
50 mg/liter each of adenine, L-histidine, L-leucine, L-lysine,
and uracil) media was also used.
C. albicans filamentation was induced from stationary cul-
tures as follows: cells from200ml of a stationary culture, grown
in YEPDU for at least 20 hr at 28 (OD600 . 20), were recov-
ered by centrifugation and resuspended in 5 ml of prewarmed
filamentation media (YEPDU with 10% fetal bovine serum).
This culture was incubated at 37 with agitation for 1–3 hr
before the images were taken (Calderón-Noreña et al. 2015).
Drop tests
To assess the growth phenotypes, cells of each tested strain
fromfresh cultureswere resuspended inwaterandadjusted to
an OD600 of 1.0. Ten-fold serial dilutions were prepared, and
drops were spotted onto the appropriate agar plates contain-
ing media supplemented as indicated. Plates were incubated
at 28 for 2–5 days.
Gradient plateswere prepared by successively pouring two
layers of media with different compositions. The first layer
(containing the tested compound) was poured into a moder-
ately inclined square Petri dish. After solidification, the plate
was placed into a flat position and the second layer (with the
same composition, only without the inhibitory compounds)
was poured on top (Maresova and Sychrova 2005). In these
experiments, the same diluted culture (OD600 0.1)was spotted
along the plate.
Genetic screening
Wild-type yeast cells (BY4741,MATa his3D1 leu2D0 met15D0
ura3D0) were transformed using the LiAc method with
500 ng of a yEP52 genomic plasmid library (Carlson and
Botstein 1982). Approximately 30,000 transformants were
plated on YPD medium containing 75 mg/ml CW. The colo-
nies that grew on this media were retested for CW resistance
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and later expanded, and the plasmids were isolated and
sequenced.
Fluorescence microscopy
Yeast cells expressing GFP/mCherry-tagged proteins were
grown to early logarithmic phase in SDmedium supplemented
with 0.2% adenine. Living cells were visualized directly by
fluorescence microscopy. Filamentation of C. albicans was per-
formed on YEPDU media, where the cells were washed once
with SD medium before being visualized.
CW staining
Two different protocols were used throughout the work as
described (Arcones and Roncero 2016). For vital staining,
CWwas directly added to 50mgml21 of the fresh cells growing
on rich media, and then cultures were incubated at 28 for 1 hr.
For staining of fixed cells, 1ml of logarithmic culturewas centri-
fuged, and cells were resuspended in 200 ml of 3.2% formalde-
hyde and incubated at 4 for 30min. Then, aliquotswerewashed
twice with PBS and incubated for 5 min with 50 mgml21 CW.
For hyphal staining, fixed filaments were previously separated
by incubation with proteinase K at 34 for 30 min and later
stained as indicated.
Microscopic images were obtained using a Nikon 90i
epifluorescencemicroscope (3100 objective; NA: 1.45) (Nikon,
Garden City, NY), equipped with a Hamamatsu ORCA ER
digital camera. Tagged proteins were visualized using a
49002 ET-GFP (FITC/Cy2) filter for GFP and a 49005 ET-
DsRed (TRITC/Cy3) filter for mCherry. A 49000 ET-DAPI
filter was used for CW staining (Chroma Technology). The
images were then processed using ImageJ software (National
Institutes of Health) and mounted with Adobe Photoshop
CS5 (San José, CA) software. All images shown in each series
were acquired under identical conditions and processed in
parallel to preserve the relative intensities of fluorescence
for comparative purposes. In all figures, the white bar repre-
sents 5 mm.
Whennecessary, imagemeasurements obtainedwith ImageJ
were statistically analyzedusing theStudent’s t-test forunpaired
data. Analyses were performed using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA) software. Significantly
different values (P , 0.05, P , 0.01, and P , 0.001) are
indicated (*, **, and ***).
Protein extracts and immunoblotting
Total cell lysates were prepared by resuspending cells from
30 ml logarithmic phase cultures in 150 ml of lysis buffer
(50 mM Tris-HCl pH 8, 0.1% Triton, and 150 mM NaCl) con-
taining 13 protease inhibitor cocktail (1mMPMSF, 1mgml21
aprotinin, 1 mgml21 leupeptin, and pepstatin A 1 mgml21).
Cellswere disrupted using glass beads (0.45mm; Sigma [Sigma
Chemical], St. Louis, MO) during three pulses of 15 sec each
with an intensity of 5.5 units in a Fast prep cell disrupter
(FP120, BIO101). Cell debris was eliminated by centri-
fugation (5 min, 10,0003 g at 4) and the resultant superna-
tantwas boiled for 5minwith 43 sample buffer (0.2MTris-HCl
pH 6.8, 4% SDS, 40% glycerol, and 4% b-mercaptoethanol).
Next, 100 mg of protein per sample were separated by 7.5%
SDS-PAGE and transferred to PVDF membranes (Trilla et al.
1999). Themembranes were then blockedwith skimmedmilk
and incubated with the corresponding antibodies: anti-GFP
JL-8 monoclonal antibody (Living colors, Clontech) and anti-
tubulin (T5162; Sigma). Blots were developed using an ECL
kit (Advansta).
Table 2 Plasmids used
Plasmid Genotype Origin/reference
CRM264 pRS315 Laboratory collection
CRM264 pRS316 Laboratory collection
CRM254 pHV7::CHS3-GFP(NotID) Laboratory collection
CRM1131 pRS315::CHS3-GFP Sacristan et al. (2013)
CRM1253 pRS313::CHS3-GFP Sacristan et al. (2013)
CRM1929 pRCW3 (yEP52::BCH2::LEU2) This study
CRM1934 pJV30 (PTPI-BCH2::LEU2) This study
CRM1205 pRS316::FUS1-GFP Santos and Snyder (2003)
CRM2670 pHV7::CHS3CaCT-GFP::hphNT1 This study
CRM2650 pRS313::CaNTCHS3-GFP This study
CRM2546 pAG25 (natMx4) Goldstein and McCusker (1999)
CRM1188 pUG6 (kanMx4) Goldstein and McCusker (1999)
CRM1451 pFA6a-hphNT1 Goldstein and McCusker (1999)
CRM2037 pFA6a-kanMx6-PGAL1 Longtine et al. (1998)
CRM1995 pFA6a-GFP-hphNT1 Sato et al. (2005)
CRM1811 pFA6a-GFP-natMx4 Sato et al. (2005)
CRM2653 pFN21 (mCherry-natMx4) Sato et al. (2005)
CRM2360 pGSHU (CORE Delitto Perfetto) Stuckey et al. (2011)
CRM2620 pJJH955L (LEU2) Heinisch et al. (2010)
CRM2621 PJJH955U (URA3) Heinisch et al. (2010)
CRM3236 pFA-CaHIS1 Gola et al. (2003)
CRM3238 pFA-CaARG4 Gola et al. (2003)
CRM2583 pFA-GFP-SAT1 Schaub et al. (2006)
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Data availability
All the strains and plasmids used throughout the work are de-
scribed in Table 1 and Table 2, and are available upon request.
Results
Bch2 is a ChAP with distinct characteristics
Chs3 depends on complex molecular machinery for its de-
livery to the PM (Roncero 2002). In addition, Chs3 has been
shown to contain several post-translational modifications
that affect its intracellular transport. These include palmitoy-
lation (Lam et al. 2006), N-glycosylation (Sacristan et al. 2013),
and ubiquitination (Arcones et al. 2016). Therefore, we aimed
to identify yeast proteins that, when overproduced, would
alter the intracellular transport of Chs3 leading to CW resis-
tance due to the reduction of Chs3 levels at the PM. Conse-
quently, we performed a screen for yeast genes that, when
overexpressed in the yEP52 plasmid, would confer CW resis-
tance. Among the plasmids isolated in this screen, the plasmid
RCW3 contained the BCH2 gene previously linked to the func-
tion of Chs3 (Trautwein et al. 2006) and was used to carry out
the work presented here.
BCH2was subcloned into plasmid pJV30 under the control of
the strong triose phosphate isomerase (TPI) promoter, a con-
struct that also promoted CW resistance (Figure 1A). More-
over, overexpression of BCH2 using the plasmid pJV30 resulted
in a strong reduction in fluorescence after CW staining (Fig-
ure 1B), consistent with a reduction in chitin synthesis in
these cells. This result was compatible with our original hy-
pothesis that the overexpression of some proteins could affect
Chs3 trafficking; therefore, the intracellular localization of
Chs3-GFP after BCH2 overexpression was addressed. It was
found that Chs3-GFP was mostly localized at intracellular
spots resembling the TGN in cells containing the pJV30 plas-
mid (Figure 1C). Moreover, localization of Chs3-GFP at the
neck was severely impaired, which explained resistance to
CW and the lower fluorescence staining observed in these
strains. The absence of Chs3 at the ER after BCH2 overe-
xpression discounted the idea of any role of Bch2 in the exit
of Chs3 from the ER, suggesting that Chs3 might be retained
at the TGN. Interestingly, Bch2 is a member of the exomer, a
complex that is involved in the exit of Chs3 from the TGN
(Trautwein et al. 2006). In the absence of a functional
exomer, its cargos are retained in the TGN and their delivery
to the PM is rescued by deletion of the clathrin adaptor com-
plex AP-1; therefore, the effects of BCH2 overexpression in
the aps1D mutant were addressed. As shown in Figure 1D,
deletion of AP-1 alleviated the effects of BCH2 overexpres-
sion, restoring CW sensitivity. Together, these results are con-
sistent with a defect in exomer function with respect to Chs3
traffic after BCH2 overexpression. To test whether this defect
was due to a general failure of exomer assembly or one that
specifically affected Chs3 transport, the localization of Chs5
and Chs6 proteins was monitored. The dotted Chs5 localiza-
tion was not affected by pJV30, but Chs6, the ChAP protein
acting as the dedicated cargo adaptor for Chs3, was not as-
sembled into the exomer, as can be seen by its diffuse cytoplas-
mic localization upon BCH2 overexpression. Moreover, the high
level of Bch2 did not affect the intracellular localization of the
other exomer cargos Fus1 and Pin2 (see Figure S2 in File S1
and Table 3). Apparently, high levels of Bch2 specifically dis-
placed the dedicated cargo adaptor for Chs3 from the exomer
complex.
Then, we addressed whether overexpression of other
ChAPs would have similar effects by expressing individual
ChAPs from the strong inducible GAL1 promotor. In glucose
media, only the absence of CHS6 led to CW resistance, the
Figure 1 Phenotypes of BCH2 overexpression. (A) Calco-
fluor white (CW) resistance promoted by multicopy plas-
mids pRCW3 and pJV30, both containing BCH2. (B) CW
vital staining of the indicated strains. Note the reduction of
fluorescence after BCH2 overexpression. (C) Localization
of Chs3-GFP in chs3D strains transformed with the indi-
cated plasmids. Numbers indicate the percentage of cells
showing localization at the neck (n . 100). (D) CW resis-
tance of the indicated mutants transformed with control or
pJV30 plasmids. Note the sensitization to CW in the aps1D
mutant after BCH2 overexpression. These experiments
were always performed in strain CRM1590 (chs3D::natMx4)
transformed with plasmids pRS315 or pRS315-Chs3-GFP as
indicated. (E) Localization of Chs5-mCh and Chs6-mCh after
BCH2 overexpression (pJV30). Chs5-mCh and Chs6-mCh are
tagged on the chromosome. (F) CW resistance after over-
expression of the different ChAPs. Experiment was carried
out in wild-type (WT) cells in which the pGAL promoter was
inserted at the chromosome replacing the endogenous pro-
moter of each ChAP. Overexpression of the different ChAPs
was achieved by growth in galactose-supplemented media.
Note that cells grown in glucose should behave similarly to
null mutants of the corresponding genes. Also see Figure S2
in File S1 for a more complete set of experiments.
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same result as reported for the chs6D mutant (Trautwein
et al. 2006). In galactose, overexpression of BCH2, but not
of any of the other ChAPs, promoted CW resistance (Figure
1F). In addition, none of the overexpressed ChAPs produced
sensitivity to lithium, another classical phenotype associated
with the absence of exomer (Ritz et al. 2014) (see Figure S2
in File S1 and Table 3). However, overexpression of BCH2
also caused partial sensitivity to ammonium that may be as-
sociated with the reduced functioning of the Bud7/Bch1
proteins.
Altogether, these results indicate that the deleterious ef-
fects of ChAPs overexpression are specific for BCH2 and di-
rectly linked to Chs6 function, probably due to the similarity
between these proteins (Trautwein et al. 2006). Interestingly,
Bch2 contains a unique C-terminal region (see Figure S3A in
File S1) that makes it longer than any of the other ChAPs.
This region includes a potential SH3 interaction domain
(Tonikian et al. 2009). To assess the potential function of
the C-terminal region, the most C-terminal 31 amino acids
were deleted. Wild-type Bch2-GFP typically localizes at the
TGN but, after overexpression, Bch2-GFP also appeared ex-
tensively associated with cellular membranes (Figure S3, B
and C in File S1). However, while Bch2D31-GFP localized at
the TGN, similar to the wild-type protein, its overexpression
did not lead to it being accumulated on internal membranes
to the same extent (Figure S3, B and C in File S1). The primary
TGN localization signal appeared to be upstream of the unique
C-terminal region, because a larger deletion in the C-terminal
region of Bch2 (D118) completely altered the TGN localization
of the protein. More importantly, unlike overexpression of
Bch2-GFP, overexpression of Bch2D31-GFP did not produce
CW resistance, indicating that the effects of BCH2 overex-
pression on Chs3 transport are associated with its unique
C-terminal region (Figure S3D in File S1). However, this re-
gion is not the only reason for the CW resistance phenotype, as
transplanting the C-terminal region of Bch2 onto Bch1 did not
promote CW resistance upon overexpression (Figure S3E in
File S1).
The evolutionary story of the ChAPs family
Our results clearly indicated that Bch2 behaved differently
from other members of the ChAPs family. Therefore, we
addressed the evolutionary divergence among the different
ChAPs, taking into consideration that exomer is a complex
that is conserved across the fungi kingdom.While the exomer
scaffold Chs5 is well conserved across fungi (Roncero et al.
2016), the ChAPs are not, since most fungi contain a unique
ChAP. Moreover, duplication of ChAPs occurred later on in
their evolution because more than one ChAPs can only be
found within the Saccharomycotina group (Figure 2A, see
also Figure S4 in File S1). A direct comparison of ChAPs se-
quences (Figure 2B) indicated that the oldest ChAP, Bch1,
was relatively well conserved, and the dendrogram identified
three separated clades that resembled the evolutionary history
of the Saccharomycotina group. When Bch1 sequences from
different fungi (Figure 2B) were compared, early branching
genera, such as Yarrowia, (Figure 2, A and B) appeared pref-
erentially associated with fungi from the other major groups
rather than with other members from the Saccharomycotina.
This Bch1 comparison clearly separated the CTG clade (spe-
cies that translate CTG codon as serine) (Wang et al. 2009)
within the Saccharomycotina group. Both CTG and non-CTG-
containing genera contained two ChAPs, but the direct compar-
ison of the second ChAP, Chs6, clearly differentiated the two.
Also, the CTGmembers that were outside the main branches of
the tree had very divergent versions of Chs6 (Figure 2B), with
some intermediate representatives like Wickerhamomyces
anomalus. Somehow these differences effectively recapitulate
the evolutionary history reported within the Saccharomycotina
group (Figure 2A). Later on, the whole-genome duplication
(WGD) associated with the WGD clade (Saccharomyces genus)
led to the appearance of the four ChAPs that have been pre-
viously identified and characterized in S. cerevisiae.
Addressing exomer function across fungi
Considering the evolutionary divergence of the ChAPs family,
additional studies were conducted to investigate the most
primitive function of exomer by deleting CHS5, the core com-
ponent of exomer in several fungi. The basidiomycete U.
maydis and the CTG representative C. albicans were chosen
because chitin synthesis has been studied in some detail in
both organisms (Weber et al. 2006; Lenardon et al. 2010b). In
addition, K. lactis was used as a close relative of S. cerevisiae
without genome duplication. Deletions were performed as
described for each organism (see Materials and Methods sec-
tion for details), and CW resistance was addressed using
the corresponding chs3D mutant as a control. As shown in
Figure 3A, deletion of CHS5 only conferred resistance to CW
Table 3 Effects of altering exomer configuration by deleting or
overexpressing different ChAPs
Growtha Cargo localizationb
Strain CW LiCl NaCl Hyg NH4Cl Chs3 Fus1 Pin2
WT — ++ ++ ++ ++ + + +
chs5D +++ — — — — — — —
chs6D +++ ++ ++c NT ++ — + +
bch2D — ++ ++c NT ++ + + +
bch1D — ++ NT NT ++ + + +
bud7D — ++ NT NT ++ + + +
chs6D bch2D +++ — + ++ ++ — + +
bch1D bud7D +++ ++ + — 6 — — +
pGAL-BCH1OE — ++ ++ ++ ++ + + +
pGAL-BCH2 OE +++ ++ ++ ++ + — + +
pGAL-BUD7 OE — ++ ++ ++ ++ + + 6
pGAL-CHS6 OE — ++ ++ ++ ++ + + +
WT, wild-type; NT, not tested.
a Growth was assessed on YEP plates, using glucose or galactose (OE) as carbon
sources and defined as being from maximum (+++) to minimum (2). Also see
Figure S2 in File S1 for the real results after serial dilutions of the different strains.
b Localization was assessed microscopically using the tagged versions of the exomer
cargos Chs3-GFP, Fus1-GFP, and Pin2-GFP expressed from their own promoters
from centromeric plasmids or the chromosome, as indicated in Materials and
Methods. (+) indicates normal arrival of the cargo at the PM, while (2) indicates
retention at the trans-Golgi network.
c Data collected from previous reports (Trautwein et al. 2006; Ritz et al. 2014).
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in S. cerevisiae. This result is consistent with the absence of
caspofungin sensitivity outside S. cerevisiae considering that
both phenotypes have been previously linked to defective
chitin synthesis (Markovich et al. 2004). Next, chitin was
visualized directly using CW staining after cell fixation (Figure
3B). Chitin rings similar to those of wild-type were neatly
visible in Klchs5D and Cachs5D strains at the neck region,
but not in the corresponding chs3D controls. Likewise,U.maydis
chs5D cells also showed apparent normal CW staining. Sur-
prisingly, the best-studied role of exomer in S. cerevisiae, namely
controlling Chs3 PM localization and hence chitin synthesis,
is not conserved in U. maydis, C. albicans, or even K. lactis.
S. cerevisiae exomermutants display additional phenotypes
like sensitivity to cationic compounds or rapamycin (Parsons
et al. 2004). Therefore, these exomer mutant phenotypes
were also tested in these other fungi (Figure 3C). As a result,
no phenotypes were found for U. maydis or C. albicans chs5D
mutants, except for a slight sensitivity to rapamycin. How-
ever, the K. lactis chs5D mutant was sensitive to lithium and
hygromycin, the same as S. cerevisiae (see also Figure 4A).
However, in contrast to Scchs5D, Klchs5D was resistant to
high concentrations of NaCl.
In summary, most of the phenotypes associated with the
absence of exomer in S. cerevisiae, including reduced chitin
synthesis or sensitivity to NaCl, were not observed in other
fungi, and only sensitivity to LiCl was observed in K. lactis, a
close relative of S. cerevisiae. Taken together, our data indi-
cate that at least some of the exomer functions reported to
date were most probably acquired in correlation with the
expansion of the ChAPs family.
ChAPs have maintained redundant functions in K. lactis,
but have acquired divergent functions in S. cerevisiae
If the previous statement is true, then what is the conserved
function of exomer? To answer this question, the phenotypes
exhibited by the different exomer mutants of K. lactis and
S. cerevisiae were studied. In S. cerevisiae, individual ChAPs
mutants other than chs6D had no clear phenotypes (Table 3),
Figure 2 Phylogeny of ChAPs (Chs5-Arf1 binding proteins) along fungi. (A) Phylogenetic tree of the Saccharomycotina clade. Major evolutionary
lineages are indicated, including the proposed EB groups. Tree images were obtained from MycoCosm portal (Grigoriev et al. 2014). The number of
ChAPs members identified in each group is indicated on the right. Note the presence of a single ChAP in all early branched genera, which is similar to
other major groups of fungi (see also Figure S4 in File S1). (B) A phylogenetic analysis of the ChAPs family. Individual proteins were identified by BLAST
analysis and a multiple alignment with CLUSTALW was later performed. Analysis is represented as a rooted phylogenetic tree (UPGMA) with branch
lengths. Only the genes within the genus Saccharomyces have been named, and the letters A and B have been used to indicate the homologous closest
to ScBch1 and ScChs6, respectively. See text for a more detailed description of the tree. BLAST, basic local alignment search tool; CTG, species that
translate CTG codon as serine; EB, early branched; WGD, whole-genome duplication.
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owing to genetic redundancy between the homologous pro-
tein pairs Bud7/Bch1 and Chs6/Bch2. Only the simultaneous
deletion of both CHS6 and BCH2 genes produced lithium
sensitivity in S. cerevisiae, which turned out to be identical
to that of the chs5D mutant (Figure 4A). In contrast, the
bch1D bud7D doublemutant was sensitive to hygromycin like
the chs5D mutant, but the mutant chs6D bch2D was not (Fig-
ure 4A). All together, these results indicate that the S. cerevisiae
ChAPs pairs have distinct and nonredundant roles regarding
their function on exomer. In K. lactis, the individual ChAPs
mutants exhibited no distinctive phenotypes, since bothKlbch1D
and Klchs6Dmutants were resistant to lithium and hygromycin,
similar to wild-type (Figure 4B). Furthermore, only deletion of
both ChAPs (Klbch1D chs6Dmutant) fully reproduced the phe-
notypes associated with the absence of exomer (Klchs5D), a
clear indication of the functional redundancy between both
ChAPs.
Next, the sensitivity of S. cerevisiae exomer mutants to a
high concentration of NH4+ in both defined (not shown) and
richmedia (Figure4C, see also FigureS2 inFile S1)was analyzed.
This sensitivity could be distinctively linked to the function of
Bch1/Bud7, since the chs6D bch2D mutant grew in a similar
way as the control. The K. lactis chs5Dmutant was not sensitive
to a high concentration of ammonium; however, the mutant
showed reduced growth on YES media (Figure 4C). YES is a
complexmedia capable of supporting the growth of S. cerevisiae
using yeast extract and a limited supply of amino acids (his-
tidine, leucine, and lysine; seeMaterials andMethods for further
details on the media composition) as the nitrogen source.
Figure 4C shows thatKlchs5D, as well as Klbch1D and Klbch1D
chs6D, were not able to grow on YES media, but that NH4+
restored the full growth of all of these strains.Moreover, amino
acids like Asp or Glu, which are used as the preferred nitrogen
source in yeast, also improved the growth of the Klbch1D
ChAP mutant, although this was not the case of the Klchs5D
mutant lacking a functional exomer. Other amino acids did
not have an effect on the growth of any of the strains tested.
Interestingly, the Klchs6D mutant grew normally on YES me-
dia but, in the absence of Bch1, the presence of a functional
Chs6 was required for the use of Asp or Glu as a nitrogen
source, since these amino acids were not able to improve the
growth of the double Klbch1D chs6D mutant. These results
indicate that the K. lactis exomer mutants have a significant
defect in the utilization of amino acids as a source of nitrogen,
which requires the presence of at least one functional ChAP.
This result reinforces the idea that both ChAPs are functionally
redundant in this organism, although the role of Bch1 in this
process seems to be more important.
Figure 3 Characterization of exomer mutants in different
fungi. (A) Sensitivity of the chs5D mutants of different
fungi to calcofluor white (CW) and caspofungin, as com-
pared to the corresponding wild-type (WT) and chs3D mu-
tants used as controls. chs3D mutants were resistant to
CW and sensitive to caspofungin in all organisms, but only
the S. cerevisiae chs5D exomer mutant reproduced this
phenotype. (B) CW staining of fixed cells on the indicated
strains and organisms. Note the absence of chitin rings in
all the chs3D mutants, which did not occur in the chs5D
mutant, except in S. cerevisiae. U. maydis chs5D mutant
showed normal CW vital staining. (C) Extended character-
ization of phenotypes of the different mutants. Cells were
grown to early logarithmic phase, serial diluted, and plated
on the indicated media. Growth was score after 2–3 days
of growth at 28.
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Exomer regulates chitin synthesis localization in
C. albicans
Chitin synthesis in C. albicans is well documented and is
mainly dependent on the delivery of CaChs3 to the PM (Sanz
et al. 2005; Lenardon et al. 2010a). Previously, it was said that
the amount of chitin seemed similar in the chs5D and wild-type
strains of C. albicans after CW staining and, accordingly, the
Cachs5D mutants did not show significant changes in their
sensitivity to CW or caspofungin (Figure 3). However, upon
CW vital staining, it was observed that fluorescence was par-
tially delocalized in theC. albicans chs5Dmutant,which showed
lateral staining in most buds in addition to the normal staining
at the neck (Figure 5A). Moreover, in the wild-type strains,
chitin was uniformly distributed during hyphal elongation ex-
cept at the tip of the hypha. This distribution was similar to that
observed in the chs5Dmutant, although a longer portion of the
tip remained consistently devoid of fluorescence in the mutant
(Figure 5A, see also Figure S5 in File S1), suggesting a partial
delocalization of chitin. This defect did not significantly affect
C. albicansmorphogenesis since cellfilamentation occurred nor-
mally in the exomer mutants under all the conditions tested
(Figure S5 in File S1 and data not shown). To understand this
phenotype, CaChs3 localization was determined by tagging
the endogenous CaCHS3 gene with GFP (Sacristan et al. 2012).
In the wild-type strain, CaChs3-GFP appeared mostly localized
at the neck of yeast cells and also showed a partial distribu-
tion along the membrane of the small buds (Figure 5, B and
C). The Cachs5D mutant showed a similar accumulation of
CaChs3-GFP at the neck, but fluorescence seemed to be
strongly reduced in the bud membranes (Figure 5, B and
C). Moreover, the intracellular spots observed for Chs3 were
significantly more intense than in the wild-type. Similar re-
sults were observed during hyphal growth, where CaChs3
was fully polarized in the tips of wild-type cells with a neat
gradient extending from the tip. This polarization seemed
reduced in the Cachs5D mutant, showing a more uniform
distribution of the protein along the tip (Figure 5B and Figure
S5B in File S1), which was associated with a higher accumu-
lation of the protein at intracellular spots. Altogether, these
results indicate that CaChs3 efficiently reaches the PM in the
absence of exomer. However, exomer could have a role in
the polarized delivery of CaChs3 from the TGN, a finding that
is similar to what has been recently observed for the Ena1
protein of S. cerevisiae (Anton et al. 2017).
Figure 4 Phenotypic characterization of
exomer mutants in S. cerevisiae and K. lac-
tis. Growth of the indicated S. cerevisiae (A)
and K. lactis (B) mutants on YEPD gradient
plates containing increasing concentrations
of different compounds. Logarithmic cultures
were diluted OD600 0.1 and spotted at iden-
tical concentrations along the gradient plate.
(C) Growth of the indicated S. cerevisiae strains
on complex media supplemented with NH4Cl.
(D) Growth of the indicated K. lactismutants
on YES media supplemented with the indi-
cated nitrogen sources. Panel on the right
represents the plate supplemented with Lys,
where the results with either amino acid were
identical. (C and D) show early logarithmic
phase cultures grown on YEPD that were se-
rial diluted and spotted onto the different
plates. Note the specific sensitivity of S. cer-
evisiae exomer mutants to high concentra-
tions of NH4Cl, which is not observed in the
corresponding mutant in K. lactis. The indi-
vidual ChAPs mutants of S. cerevisiae did not
showed sensitivity toward any of the com-
pounds used in this figure (see Figure S2B
in File S1), therefore only the double ChAPs
mutants were tested. K. lactis contains only
two ChAPs, therefore the results for the indi-
vidual mutants are presented. Note that in
S. cerevisiae always one of the double mu-
tants behaved exactly as the null exomer mu-
tant chs5D, while in K. lactis the individual
mutants lacked phenotype and only the ab-
sence of the two ChAPs showed a phenotype
equivalent to the null chs5D mutant. YEPD,
1% Bacto yeast extract, 2% peptone, and
2% glucose; YES, yeast extract, glucose, and
supplements; WT, wild-type.
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A similar situation has been previously described in S.
cerevisiae, where the absence of the AP-1 complex resulted
in partially delocalized chitin deposition (Figure 5D). More-
over, a double mutant (chs5D aps1D) lacking exomer and
AP-1 complexes regained chitin synthesis and CW sensitivity
as compared to the single exomer mutant (chs5D) (Figure
5D) (Valdivia et al. 2002). However, chitin localization in this
doublemutant wasmore diffuse than in thewild-type (Figure
5D), being also partially resistant to CW. This behavior has
been linked to the interaction of ScChs3 to both exomer and
AP-1 complexes through specific cytosolic domains of the
protein (Rockenbauch et al. 2012; Starr et al. 2012). Thus,
a simple explanation for the results found in C. albicans may
be associated with the different interactions of CaChs3 with
these complexes.
However, whether or not the differences between the
ScChs3 and CaChs3 proteins are enough to sustain such a
hypothesis still needs to be addressed. It is known that both
proteins have a very similar sequence (see Figure S6 in File
S1) with .50% overall identity and 61% identity in the re-
gion containing the catalytic domain of the protein. However,
the C-terminal region of CaChs3 is significantly longer. In-
terestingly, this lengthy C-terminal cytosolic region is also
present in the Chs3 of different fungi (Figure S6B in File
S1), indicating unique properties for the Chs3 from Saccha-
romyces, even between the non-CTG clade. Moreover, the
N-terminal region of both proteins is also divergent and,
more importantly, the first 50 amino acids are very different
(Figure S6C in File S1). These N- and C-terminal regions of
ScChs3 contain the domains required for its interaction with
AP-1 and exomer complexes. Therefore, it is tempting to specu-
late that the differences in these regions between ScChs3 and
CaChs3 (see Figure S6, C and D in File S1) are responsible
for the different behavior. This question was addressed by
investigating the behavior of chimeric Chs3 proteins in S. cerevisiae.
CaChs3 has been shown to be nonfunctional in S. cerevisiae
because of its extensive retention at the ER (Jimenez et al.
2010). Thus, hybrid proteins were generated by replacing
the N- and C-terminal regions of ScChs3 with their corre-
sponding regions from CaChs3. The protein Chs3CaCT, which
contains the C-terminal region of CaChs3 (see Figure S6D in
File S1 for details on the construction), was not functional
since cells expressing this chimaera were resistant to CW
(Figure 6A) and showed reduced levels of chitin after CW
staining (Figure 6B). In contrast, the protein CaNTChs3, which
contains the N-terminal region (see Figure S6C in File S1 for
details), was functional because its expression led to normal
chitin levels. When these proteins were expressed in the
Scchs5Dmutant, the Chs3CaCT-containing strains had no chitin
and were resistant to CW. This was also the case for the strain
expressing wild-type ScChs3. However, the CaNTChs3 protein
promoted chitin synthesis as shown by CW staining and sen-
sitivity to this drug (Figure 6, A and B), a phenotype very similar
to that observed after the expression of the L24AScChs3 pro-
tein (Starr et al. 2012). When expressed in the aps1Dmutant,
the Chs3CaCT sustained partial chitin synthesis conferring
CW sensitivity, while CaNTChs3 behaved similar to the wild-
type ScChs3. In agreement with these phenotypic results,
Chs3CaCT-GFP was unable to efficiently reach the neck region
in the wild-type strain, although deletion of APS1 restored
the arrival of this chimeric protein at the PM (Figure 6, C and
D). Moreover, CaNTChs3-GFP partially reached the PM, even
in the absence of exomer (Figure 6, C and D). Therefore, our
results indicate that the N- and C-terminal regions of CaChs3
are unable to efficientlymediate the interaction of these hybrid
proteins with AP-1 and exomer, respectively, although it could
be argued that these results were obtained with chimeric pro-
teins in a heterologous host such as S. cerevisiae. However, the
Figure 5 Characterization of chitin synthe-
sis in C. albicans. (A) CW vital staining of
C. albicans yeast cells strains as indicated
(upper panels). Staining was performed for
60 min. For hyphal visualization (lower pan-
els), filamentation was induced for 2 hr and
staining was performed on fixed cells as de-
scribed in theMaterials and Methods section.
Note the different localization of chitin in the
mutant in both yeast and hyphal cells. (B)
Intracellular localization of CaChs3-GFP on
yeast and hyphal cultures. (C) Panel represents
numerical analysis of CaChs3-GFP localization
in yeast (n = 3, .100 cells counted in each
experiment). Note the apparent loss of signal
for CaChs3-GFP in the buds of the exomer
mutant. (D) CW vital staining of the indicated
mutants of S. cerevisiae. Note the partial de-
localization of chitin to the bud in the aps1D
mutants, a result similar to that observed in
the Cachs5D mutant (A). See Figure S5 in File
S1 for additional data on chitin and CaChs3-
GFP localization. CW, calcofluor white; WT,
wild-type.
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in vivo results obtained for C. albicans (Figure 4 and Figure
5) strongly support the model in which CaChs3 does not
depend on exomer for Chs3 delivery to the PM, justifying
the absence of exomer- and AP-1-interacting domains in this
protein. Apparently, the physiological dependence on exomer
and AP-1 for the trafficking of Chs3 is a distinctive character-
istic of the genus Saccharomyces, which was acquired very late
in the evolution of fungi.
Discussion
TGN is the main cargo sorting station in eukaryotic cells. At
this location, and with the help of several cargo adaptor
complexes, decisions for the delivery of proteins to the dif-
ferent cellular compartments aremade (Guo et al. 2014). One
of these cargo adaptors is exomer, a heterotetrameric com-
plex that is conserved across fungi with no known metazoan
homologs (Trautwein et al. 2006; Paczkowski et al. 2012).
According to studies performed using Chs3 as an exomer-
dependent cargo model, exomer is thought to mainly interact
with cargos through the ChAPs (Rockenbauch et al. 2012;
Weiskoff and Fromme 2014). These studies identified the
ChAP Chs6 as the specific adaptor for this cargo. However,
while Chs3 is a well-conserved protein across fungi, Chs6 is
not, appearing relatively late in evolution between the Sac-
charomycotina clade ((Roncero et al. 2016) and Figure 2).
This calls into question our current model that regards exomer
as a dedicated cargo adaptor.
The results reported in this work support the idea that
exomer is an evolutionarily ancient complex, and that some of
its functions have been delineated along evolution as the
number of ChAPs increased among some fungal groups.
Exomer, a single fungal complex diversified along
Saccharomycotina evolution
Our extensive search for exomer components across the fungi
kingdom identified a single Chs5 protein in all fungi, but a
variable number of ChAPs members. Interestingly, the diver-
gence of ChAPs correlates with the evolutionary history of
fungi througha singleduplicationevent fromthe singleChAPs
ancestor, Bch1, early after the branching of the Saccharomy-
cotina group. This was followed by a much later second
duplication event associated with the WGD extensively re-
ported for the Saccharomyces genus (Wang et al. 2009). More-
over, no loss of any of the ChAPs was detected among the
different groups, except forMicrosporidia. This highlights the
ancestral significance of exomer and also the potential conser-
vation of the functions associated with exomer. A specializa-
tion of ChAPs throughout evolution fits nicely with the current
model for exomer assembly. The oldest ChAP, Bch1, seems to
be the most efficient in assembling exomer complexes at the
TGN, a function partially retained by its close homolog Bud7
(Huranova et al. 2016). Accordingly, Bch1 is the ChAP protein
Figure 6 Functional characterization of chimeric Chs3
proteins. (A) Calcofluor (CW) resistance promoted by the
chimeric proteins Chs3CaCT-GFP and CaNTChs3-GFP in the
indicated S. cerevisiae strains compared to the wild-type
ScChs3-GFP used as the control. (B) CW vital staining of
the same strains as in (A). (C) Intracellular localization of
ScChs3-GFP, Chs3CaCT-GFP, and CaNTChs3-GFP in the in-
dicated strains. (D) Quantitative analysis of the images in
(C) (n = 4, .100 cells/experiment). Note the reduced
arrival of Chs3CaCT-GFP at the PM, which is restored in
in the aps1D mutant. In contrast, CaNTChs3-GFP arrives
partially at the PM even in the chs5D mutant. See Figure
S6 in File S1 and Materials and Methods for details on the
chimeric constructs.
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with the largest capacity to promote the membrane remodel-
ing activity associated with exomer in vitro (Paczkowski and
Fromme 2014). By contrast, Chs6 presents a more specialized
function such as a dedicated cargo adaptor (Paczkowski and
Fromme 2014). Moreover, our results indicate that Bch2 could
have acquired distinctive characteristics owing to the late in-
corporation of a specific region within its C-terminal domain.
This model raises the significant biological question of
whether the role of exomeras a cargoadaptor is evolutionarily
conserved. If this is not the case, then what is the conserved
function of exomer?
Exomer probably has an ancestral role in the intracellular
transport of multiple TM proteins
The S. cerevisiae exomer mutants showed additional pheno-
typic traits that were not associated with known cargos such
as sensitivity to alkali metals, hygromycin, or ammonium.
Sensitivity to sodium and lithium in S. cerevisiae has been
recently associated with defects in Ena1, a protein that be-
haves as a nonconventional cargo for exomer (Anton et al.
2017). Interestingly, the Klchs5D and double Klbch1D chs6D
mutants also showed lithium sensitivity, but neither of the
individual ChAPsmutants, Klbch1D orKlchs6D, exhibited this
phenotype, clearly indicating functional redundancy between
both ChAPs. Similar results were obtained for the sensitivity to
hygromycin. However, in S. cerevisiae there is limited redun-
dancy between Chs6/Bch2 and Bch1/Bud7 pairs based on the
different phenotypes exhibited by the double mutants, sug-
gesting a functional specialization of ChAPs along the evolu-
tionary transit between the clades represented by S. cerevisiae
and K. lactis.
The results obtained with respect to ammonium toxicity,
although more difficult to interpret, point in the same direc-
tion. The absence of the Bch1/Bud7 pair would be directly
responsible for ammonium toxicity in S. cerevisiae, with the
Chs6/Bch2 pair playing a minor role. The K. lactis chs5D mu-
tantwas insensitive to ammoniumbut did showmuch reduced
growth on YES medium. This effect was probably due to a
defective intake of external amino acids, since this effect was
reversed when the media was supplemented with additional
nitrogen sources. This phenotype is probably linked to the
ammonium toxicity observed for S. cerevisiae, because it has
been shown to be ameliorated by the extrusion of intracellu-
lar amino acids through the Ssy1-Ptr3-Ssy5 (SPS) sensing
pathway induced amino acid transporters (Hess et al. 2006).
Defective transport of amino acids in the exomer mutants
could be responsible for the ammonium toxicity in S. cerevisiae,
and also for the defective use of amino acids as a nitrogen source
inK. lactis.Moreover, the restoration of growth onYESmedium,
produced by Asp or Glu inK. lactis, was only achievedwhen one
ChAPwas present, a clear indication that the use of these amino
acids depends on a functional exomer, which highlights the
functional redundancy between both ChAPs in K. lactis. At pre-
sent, it is unclear whether these exomer-associated defects are
due to a defective transport of specific amino acid permeases to
the PM or a more general defect in the SPS-sensing system.
Interestingly, the exomer mutants from all the different organ-
isms tested share a slight sensitivity to rapamycin. This pheno-
type is easily associated with a defective use of nitrogen sources
that might explain the evolutionary conservation of exomer
across fungi and provides the basis for a more thorough search
regarding the ancestral molecular role of exomer.
The unique properties of exomer as a cargo adaptor of
Chs3 in S. cerevisiae
Exomer has been defined as a cargo adaptor in S. cerevisiae
owing to the identification of three cargos—Chs3, Fus1 and
Pin2—which depend on their interaction with exomer for
arrival at the PM (Trautwein et al. 2006; Barfield et al.
2009; Ritz et al. 2014). However, only Chs3 has been clearly
shown to depend on the dedicated ChAP protein Chs6 for its
interaction with exomer (Rockenbauch et al. 2012). Based on
this, the Scchs5D and Scchs6Dmutants share strongly reduced
chitin levels and CW resistance (Roncero 2002). However,
deletion of the common exomer component Chs5 inU.maydis,
C. albicans, or K. lactis did not produce a significant reduction
in chitin synthesis, despite the fact that the Chs3 homologs of
U. maydis and C. albicans are evolutionarily conserved and
have been shown to be responsible for most chitin synthesis
in these organisms (Mio et al. 1996; Weber et al. 2006). Thus,
this result argues against a general role of exomer as a cargo
adaptor in fungi. Chs6 acts at the exomer as a cargo adaptor for
ScChs3 by interacting directly with its C-terminal cytosolic
domain (Rockenbauch et al. 2012). However, the replacement
of the C-terminal region of ScChs3 by its counterpart region
from CaChs3 led to a protein that is not exported from TGN,
probably due to its inability to interactwithChs6. Interestingly,
the C-terminal region of Chs3 is not conserved across fungi,
suggesting that interaction between Chs3 and exomer could
have been developed late along Saccharomycotina evolution,
which is in concordance with a late specialization of the mem-
bers of the ChAPs family after the WGD.
However, this does not explain the absolute requirement of
exomer for ScChs3 trafficking to the PM. An additional char-
acteristic of all known exomer cargos is their interaction with
the AP-1 complex. Moreover, ScChs3 interacts with AP-1
through a distinct region on its N-terminal cytosolic domain
(Starr et al. 2012;Weiskoff and Fromme 2014). This region is
poorly conserved across fungi, and the replacement of the
ScChs3 N-terminal region by the corresponding region from
CaChs3 produced a chimeric protein that interacted poorly
with AP-1 based on phenotypic analysis. These results sug-
gest that CaChs3 interacts poorly with exomer and AP-1 com-
plexes. The in vivo results obtained in C. albicans are also
consistentwith this interpretation, because the exomermutant
Cachs5D shows a reduced polarization of CaChs3 resulting in a
delocalized deposition of chitin. This situation is similar to that
described for the S. cerevisiae chs5D aps1D double mutant, and
thus is fully compatiblewith the absence of an in vivo interaction
of CaChs3 with exomer and AP-1 complexes in C. albicans cells.
Pin2 is another bona fide cargo of exomer in S. cerevisiae,
for which Bch2 is the probable cargo adaptor (Ritz et al.
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2014; Anne Spang, unpublished results); therefore, it would
be interesting to test our model using a different cargo. Un-
fortunately, Pin2 is poorly conserved across fungi, making it
an unsuitable experimental model. Nonetheless, our results
strongly support a model in which the role of exomer as cargo
adaptor for Chs3 has evolved in S. cerevisiae linked to the
engagement of AP-1 in the transport of Chs3.
The results presented within this paper recapitulate the
evolutionary story of exomer and highlight its progressive
specialized role as a cargo adaptor along the Saccharomyco-
tina after theWGDevent, a process that is compatiblewith the
maintenance of its ancestral functions in the transport of
diverse TM proteins. This model is fully compatible with
the role proposed for themost ancestral ChAP, Bch1, in vesicle
generation at the TGN (Paczkowski and Fromme 2014), and
the absence of any know cargos for this protein or its close
relative Bud7. Moreover, it has not been possible to identify
any role for exomer as a cargo adaptor in C. albicans and
K. lactis, once more indicating that this functional specializa-
tion most probably occurred very late. The absence of any rele-
vant phenotypes for the exomer mutants of U. maydis and
C. albicans still remains intriguing, and raises questions con-
cerning the most ancestral role of exomer. This would most
likely become relevant during stressful conditions, as has
been recently reported for S. pombe (Hoya et al. 2017).
However, fungi are adapted to very different ecological niches,
which would require additional efforts to identify common
stressful conditions for the characterization of the phenotypes
associated with the absence of exomer in different fungi.
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Heterologous Expression of a Novel 
Drug Transporter from the Malaria 
Parasite Alters Resistance to 
Quinoline Antimalarials
Sarah M. Tindall1, Cindy Vallières1, Dev H. Lakhani1, Farida Islahudin2, Kang-Nee Ting3 & 
Simon V. Avery  1
Antimalarial drug resistance hampers effective malaria treatment. Critical SNPs in a particular, putative 
amino acid transporter were recently linked to chloroquine (CQ) resistance in malaria parasites. Here, 
we show that this conserved protein (PF3D7_0629500 in Plasmodium falciparum; AAT1 in P. chabaudi) 
is a structural homologue of the yeast amino acid transporter Tat2p, which is known to mediate quinine 
uptake and toxicity. Heterologous expression of PF3D7_0629500 in yeast produced CQ hypersensitivity, 
coincident with increased CQ uptake. PF3D7_0629500-expressing cultures were also sensitized to 
related antimalarials; amodiaquine, mefloquine and particularly quinine. Drug sensitivity was reversed 
by introducing a SNP linked to CQ resistance in the parasite. Like Tat2p, PF3D7_0629500-dependent 
quinine hypersensitivity was suppressible with tryptophan, consistent with a common transport 
mechanism. A four-fold increase in quinine uptake by PF3D7_0629500 expressing cells was abolished 
by the resistance SNP. The parasite protein localised primarily to the yeast plasma membrane. Its 
expression varied between cells and this heterogeneity was used to show that high-expressing cell 
subpopulations were the most drug sensitive. The results reveal that the PF3D7_0629500 protein can 
determine the level of sensitivity to several major quinine-related antimalarials through an amino acid-
inhibitable drug transport function. The potential clinical relevance is discussed.
The fight for malaria eradication continues apace, but there were still over 200 million cases of this devastating 
parasitic disease in 20151,2. In the absence of a commercially available vaccine, artemisinin combination therapies 
(ACTs) are the current main line of antimalarial defence in most countries. Quinoline antimalarials (commonly in 
combination with an antibiotic) are also recommended as first-line malaria treatments during early pregnancy and 
second line treatment for uncomplicated malaria cases, but remain first line drugs in many African countries3–5. 
Furthermore, quinoline derivatives such as amodiaquine, mefloquine and lumefantrine are currently used in rec-
ommended ACTs. Chloroquine was one of the most effective drugs ever produced and, along with primaquine, 
remains a drug of choice for treating Plasmodium vivax malaria5. Quinine (QN) has historically been a mainstay 
of the antimalarial drug repertoire but the wider use of QN is now hampered by poor compliance, the prevalence 
of adverse drug reactions and the availability of alternative antimalarials3.
One strategy in the battle against malaria is the identification of drug resistance mechanisms in the parasite. 
Identifying genetic changes that confer drug resistance helps the spread of resistance to be tracked and can allow 
appropriate antimalarial drug therapy to be tailored6,7. In addition, knowledge of the genetic basis for resistance 
can give insight to the mechanism of action of a drug, informing improved drug design or treatment strategies. 
Membrane transporters provide a classic example of proteins that can mediate drug resistance or sensitivity8,9. In 
the malaria parasite most lethal to humans, Plasmodium falciparum, multiple transporters have been associated 
with altered sensitivity to quinoline antimalarials including PfCRT, PfNHE1, PfMDR1 and PfMRP10. PfCRT is 
the most widely reported of these, localized to the parasite digestive vacuole and in which SNPs are commonly 
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OPEN Evolutionary cell biology traces 
the rise of exomer complex 
function in Fungi from an ancient 
eukaryotic component
Inmaculada Ramirez-Macias1, Lael D. Barlow1, Carlos Anton2, Anne Spang3, Cesar 
Roncero2, and Joel B. Dacks1*
Cargo is transported from the Trans-Golgi Network to the Plasma Membrane by adaptor 
complexes, which are pan-eukaryotic co ponents. However, in yeast, c go can also be 
exported by the exomer complex, a h terotetrameric prot in complex consisting of two copies 
of Chs5, and any two members of four paralogous proteins (ChAPs). To understand the 
larger relevance of exomer, its phylogenetic distribution and function outside of yeast need to 
be explored. We find that the four ChAP proteins are derived from gene duplications after the 
divergence of Yarrowia from the remaining Saccharomycotina, with BC8 paralogues (Bch2 
and Chs6) being more diverged relative to the BB8 paralogues (Bch1 and Bud7), suggesting 
neofunctionalization. Outside Ascomycota, a single preduplicate ChAP is present in nearly 
all Fu gi and in diverse ukaryotes, b t has been repeatedly lost. Chs5, however, is a fungal 
specific featur , appearing coincidentally with the loss of AP4. In contr st, the ChAP protein 
is a wide-spread, yet uncharacterized, membrane-trafficking component, adding one more 
piece to the the increasingly complex machinery deduced as being present in our ancient 
eukaryotic ancestor.
Trafficking through an elaborate set of endomembrane organelles allows for spatially distributed and 
compartmentalized chemical microenvironm nts that are required for proper tissue and cellular function 
in eukaryot s. It is crucial for normal cellular activity, with dysregulation of membrane-tr fficking being 
implicated in a wide range of human diseases1–3. As a feature of all eukaryotic cells, membrane-trafficking 
is also heavily implicated in the pathogenic mechanisms of a wide range of microbial organisms that 
impact our health and livelihoods. The process of membrane trafficking distributes material throughout 
the cell and mediates its release or internalization from the extracellular space. Such internalization is 
undertaken by the endocy ic pathw y, while release of material and presentation on the cell surface is 
mediated by the secretory pathway4.
This secretory pathway consists of distinct steps for anterograde and retrograde transport between 
the membrane compartments. Transport from the endoplasmic reticulum to the plasma membrane via 
various intracellular organelles is known as anterograde transport5. The trans-Golgi Network (TGN) is 
the penultimate compartment in anterograde transport for most secreted proteins, with traffic from the 
TGN to the plasma membrane (PM) b ing the final step in he process. 
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associated with chloroquine resistance11. Quinine resistance took over 200 years to emerge, but this is in strik-
ing contrast to other antimalarial drugs. Widespread resistance to chloroquine was evident just 40 years after 
its introduction. Quinine resistance is only found in some malaria-endemic areas and is usually low level3. The 
incidence of chloroquine resistance may sometimes be reversed relatively quickly when chloroquine treatment is 
discontinued12,13. Therefore, in the face of rising ACT resistance14 quinolines could in some regions continue to 
provide a valid alternative in the future.
One problem with characterisation of drug transport and resistance mechanisms in malaria parasites is 
that not all of the relevant species are easy to cultivate in the laboratory or to manipulate genetically, although 
improvements are being made including with P. falciparum15,16. Model organisms may be exploited as an alterna-
tive. The yeast Saccharomyces cerevisiae is an especially powerful model of eukaryotic cells that has been widely 
exploited for antimalarial drug discovery or mode-of-action studies17–21. Yeast has an unparalleled toolset for 
genetics and synthetic biology, and is a valuable host for heterologous expression of functional Plasmodium spp. 
proteins22–24. Previously, yeast genomic tools were used to reveal a novel mechanism of quinoline drug action, 
centred on cellular tryptophan (Trp) starvation. This action results from competition between drug and trypto-
phan for the high affinity yeast tryptophan/tyrosine transporter, Tat2p20. Subsequently, the link between trypto-
phan and quinine action was successfully extended to malaria patients, where it was found that individuals with 
higher plasma tryptophan levels had a low incidence of adverse reactions to quinine25. Furthermore, quinine per-
turbs biosynthesis and function of the major neurotransmitter serotonin, a metabolic product of tryptophan19,26.
In the present work, the earlier findings with yeast are exploited to test function of a Tat2p structural homo-
logue that we identify in Plasmodium spp. It transpires that this homologue is a putative amino acid transporter in 
which SNPs were previously linked to chloroquine resistance in malaria parasites27,28. A recent attempt at charac-
terisation by heterologous expression in Xenopus laevis oocytes did not produce detectably-functional protein29. 
Here we successfully apply a yeast heterologous expression system to show that the parasite protein mediates 
uptake of quinoline drugs so altering the level of drug resistance. The evidence suggests a new quinoline-drug 
transport protein, which may help explain the protein’s association with drug resistance of the parasite.
Results
The P. falciparum orthologue of P. chabaudi aat1 and yeast TAT2 mediates chloroquine uptake 
and toxicity. The high affinity yeast tryptophan transporter Tat2p was previously found to transport quinine 
into cells, leading to quinine toxicity20. Here, standard BLAST searches for homologues of yeast Tat2p among 
Plasmodium spp. revealed no hits. However, an HHPRED homology search against Tat2p based on predicted 
secondary structures (see Methods) identified the putative amino acid transporter PF3D7_0629500 from P. fal-
ciparum (PlasmoDB: PFF1430c, Uniprot ID:C6KTD0, E-value 1.8e-17, Probability 99.87; note that E-value < 1 
and probability > 95 indicate statistically significant homology: https://toolkit.tuebingen.mpg.de/hhpred/help_
ov#evalues) (Supplementary Fig. S1). PF3D7_0629500 was 82nd in a ranking of the proteins most-homologous 
to Tat2p among all available proteomes in HHPRED, and was the most significant homologue from P. falci-
parum. HHPred performs alignments of a protein amino acid sequence to secondary structure databases. No 
such database currently exists for certain species, such as the rodent parasite P. chabaudi, therefore we could 
not search Tat2p against all parasite species. However, PF3D7_0629500 is a known homologue of AAT1 from 
P. chabaudi, and a SNP in the aat1 gene was previously linked with parasite resistance to chloroquine, a quinine 
derivative27. SNPs in PF3D7_0629500 have also been associated with chloroquine resistance in P. falciparum28. 
Considering the evidence collectively, we hypothesized that the parasite protein may have a chloroquine and/or 
quinine transport function, resulting in toxicity if expressed heterologously in yeast. To test this, a codon opti-
mised construct of the PF3D7_0629500 ORF was cloned into the pCM190 expression vector. For heterologous 
expression of the parasite protein we capitalised on the availability of the yeast trp1Δ background. This strain is 
defective for tryptophan biosynthesis, similar to the parasite, and the strain’s dependency on exogenous trypto-
phan gives more sensitive detection of sensitivity to quinoline antimalarials20. Expression of PF3D7_0629500 in 
trp1Δ yeast conferred a chloroquine hypersensitivity phenotype (Fig. 1A). The cell doubling-time in the presence 
of CQ was ˃4-fold longer for cells expressing the parasite protein than empty vector control. In the absence of 
CQ, PF3D7_0629500 expression alone caused a small slowing of growth but the inhibitory effect attributable 
specifically to CQ remained considerably greater in these cells than in the empty vector control. To test whether 
the chloroquine sensitivity of PF3D7_0629500-expressing cells was related to increased chloroquine uptake, the 
chloroquine probe LynxTag-CQ™ was used to measure cellular chloroquine accumulation with flow cytometry. 
Chloroquine accumulation plateaued from ∼10 min. After 15 min, PF3D7_0629500-expressing cells had accu-
mulated ∼38% more drug than empty-vector control cells (p < 0.05, Student’s t-test, one-tailed) (Fig. 1B). The 
results are consistent with the hypothesis that PF3D7_0629500 mediates elevated uptake of chloroquine, leading 
to drug hyper-sensitivity.
Complementation of yeast Tat2 and tryptophan-sensitivity of PF3D7_0629500 activity. The 
trp1Δ background used above, necessary to detect Tat2-suppressible quinoline sensitivity in yeast, was not suit-
able for testing complementation of Tat2 function by PF3D7_0629500 because a trp1Δ/tat2Δ deletant is invi-
able20,30. However, decreased uptake of quinine was previously demonstrated in the tat2Δ single-deletant20,30. 
Therefore, we used this phenotype to test complementation of Tat2 function by PF3D7_0629500. We used an 
assay based on quinine absorbance at 350 nm31, which produced a linear relationship over a range of quinine con-
centrations relevant to our assay (Supplementary Fig. S2A) and which demonstrated time-dependent saturation 
of uptake by cells (Supplementary Fig. S2B). The tat2Δ deletion mutant accumulated ∼75% less quinine than the 
wild type yeast (Fig. 2). This impairment of uptake was fully rescued by expression of the parasite protein (which 
also produced increased quinine uptake in the wild type yeast background). Previously, quinine sensitization 
mediated by the yeast tryptophan-permease Tat2 was shown to be suppressible by added tryptophan20. Here, 
Extensive cell biological work in animal and fungal model systems has identified a sophisticated set of 
molecular machinery responsible for membrane trafficking4,6.  Selection of cargo for inclusion into transport 
vesicles between organelles within the late secretory and endocytic system is performed by a related set of 
heterotetrameric protein complexes called the Adaptor Protein (AP) co plexe . During transport from the 
TGN to the PM, carg  ca  use different routes (Fig. 1A). The cargo may traffic to the lysosome, mediated 
by the AP-3 complex7,8. Alternately it can go directly from the TGN to the PM (with or without endosomal 
intermediates) mediated by AP-1 or AP-4 complex binding9.
Besides these pathways, cargos can be exported from the TGN to the PM in an AP-independent manner. 
One such example is the exomer-mediated pathway 9. Exomer was discovered in yeast as being involved in 
the transport of chitin synthas  Chs3 to the pla ma membrane10,11. It is an Arf1 GTPa e-depend nt protein 
complex10–12, consisting of two copies of the core protein Chs5, and any two members of four paralogous 
proteins known as the ChAPs (for Chs5 and Arf1 binding Proteins): Chs6, Bud7, Bch1 and Bch210–13. (Fig. 
1B). Theoretically, ten distinct variants of exomer tetramers can exist, because different combinations of 
ChAPs can bind to the Chs5 dimer, but only a subset of all possible complexes is probably ever formed in 
the cell in vivo14.  Although the ChAPs are homologous proteins, they vary in their contribution to exomer 
assembly14.
To date less than a handful of bona fide exclusively exomer-dependent cargoes have been reported 
(Chs3, Fus1, Pin2)10,15,16, none of which are conserved in mammalian cells. More recently, however, this 
exclusivity of exomer cargo selection was questioned as some plasma membrane proteins may use either the 
conventional or the exomer-dependent route17. The ion transporter Ena1 is such a protein, because exomer-
dependent polarized localization of Ena1 is necessary to counteract toxic cation concentrations17, and Ena1 
is conserv d rom yeast to mammals.
Exomer has thus far only been characterized in yeasts18. Membrane-trafficking, however, is a feature of 
all eukaryotic cells. A growing body of molecular evolutionary studies has demonstrated the conservation 
across eukaryotic diversity of most of the major protein families implicated in membrane trafficking19. This 
means that the ancestor of extant eukaryotes (LECA) possessed a sophisticated endomembrane complement. 
These studie  also provide a context for which aspects of cell biological m dels of membrane-trafficki , 
derived from work in animals and fungi, are broadly applied t  eukar otic cells  general. The APs an  their 
related complexes (COPI, TSET) have been shown as ancient features of the eukaryotic cell20–23. However, 
several of these complexes (AP4, AP5, TSET) have also been shown to be lost repeatedly in the course of 
eukaryotic evolution19,23, and additional lineage specific complexes derived from APs (eg. GGAs, Stonins) 
have also been identified24–26.  Indeed, the possibility has been raised that exomer may be homologous to 
the ear do ain of the large subunit of Adaptins or other trafficking complex s12. A previous report noted the 
presence of ChAP proteins in ciliates and red algae and rais d the hypothesis t t exomer was an ancient 
feature of the eukaryotic trafficking system 10. However, this was based on limited genomic sampling, over 
Figure 1. Membrane-trafficking pathways and the exomer complex (A) Schematic of membrane trafficki g 
pathways between the trans-Golgi Network and Plasma Membrane identified in eukaryotes. (B) Schematic of 
exomer components as characterized in S. cerevisiae. Exomer consists of a homodimer of Chs5, and each of the 
Chs5 has one binding site for a ChAP (Bud7, Bch1, Bch2, Chs6). Different combinations of ChAPs can bind to 
Chs5.
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inclusion of tryptophan (3 mM) significantly decreased PF3D7_0629500-dependent quinine uptake, measured 
in the tat2Δ background (Fig. 2). Therefore, PF3D7_0629500 could replace the tryptophan-suppressible quinine 
uptake activity of its yeast structural homologue.
Sensitization to several quinoline antimalarials is suppressible with the T162E SNP or trypto-
phan. We introduced a T162E mutation to PF3D7_0629500, which corresponded to the SNP previously linked 
to chloroquine resistance in P. chabaudi27. Furthering that association described in the parasite, yeast cells express-
ing the mutant construct were considerably more resistant to chloroquine than cells expressing the wild-type par-
asite protein. That is, introduction of the T162E SNP rescued CQ hypersensitivity of PF3D7_0629500-expressing 
cells (Fig. 3A). The SNP also rescued the mildly-slowed growth of the PF3D7_0629500-expressing cells seen in 
the absence of drug. The SNP version of the parasite gene was expressed at least as strongly in yeast as the wild 
type version. This was shown by qRT-PCR (Fig. 3B), and by measurement of expressed protein levels with western 
blotting or flow cytometry (Supplementary Fig. S3). (There was also no discernible difference in localization of 
the two versions of the protein; see below).
We tested yeast expressing PF3D7_0629500 against several related drugs. As observed with chloroquine, 
PF3D7_0629500 expression conferred hypersensitivity to amodiaquine (weakest phenotype), mefloquine 
and quinine (strongest phenotype). This indicates that the parasite protein determines sensitivity to multiple 
Figure 1. Expression of PF3D7_0629500 increases chloroquine uptake and toxicity. (A) Yeast trp1Δ cells 
transformed with pCM190 vector, either empty (ev) or containing the PF3D7-0629500 ORF (Pf protein), were 
grown either with or without 1 mM chloroquine (CQ) (1 mM CQ was used in order to elicit yeast growth effects 
in the present assay system). Cell doubling times (right panel) were calculated from the exponential growth 
phase and the relevant treatments are as indicated on the panel. (B) Yeast trp1Δ cells transformed as in (A) were 
incubated in the presence of 0.4 mM chloroquine spiked with 20 µM LynxTag-CQ™. Cellular LynxTag-CQ™ 
was determined at intervals with flow cytometry, and cellular autofluorescence subtracted. AU, arbitrary units. 
All values are means ± SEM from three independent determinations. ****, p < 0.0001 according to multiple 
comparisons (with Tukey correction) by two way ANOVA.
Figure 2. Complementation of yeast Tat2 and tryptophan-sensitivity of PF3D7_0629500 activity. Wild type or 
tat2Δ yeast cells transformed with pCM190 vector, either empty (ev) or containing the PF3D7-0629500 ORF 
(Pf protein), were incubated for 20 min with 4 mM quinine either with or without 3 mM tryptophan (Trp). 
NaOH (6 mM) was included in all incubations to balance NaOH carry-over from tryptophan stock solution 
(NaOH had a small stimulatory effect on measured quinine uptake). Quinine analysis in cell lysates was 
according to absorbance determinations at 350 nm, normalised for cell numbers determined just before lysis, 
with subtraction of background (minus-quinine). *p < 0.05; **p < 0.01; ****p < 0.0001; according to multiple 
comparisons (Sidak’s test) by two way ANOVA.
a decade ago. A more systematic examination of exomer component distribution and phylogeny is needed.
In this study, we perform an extensive evolutionary analysis of the exomer complex, to better understand 
its history and the extent to which exomer is a feature of the general eukaryotic membrane-trafficking 
complement. We also investigate the functional homology of non-ascomycete exomer components through 
microscopy and heterologous complementation, in order to assess exomer relevance in diverse fungi. 
Results
Bch1, Bch2, Chs6, Bud7 are Saccharomyces-specific proteins but the exomer complex is 
likely present across the Fungi
Exomer subunits have been best characterized in Saccharomyces cerevisiae, but also reported in 
Schizosaccharomyces pombe18, and noted to be present in various fungal genomic databases. In order to 
more syst matically nvestigate the presence and history of xomer subunits outside of S. cerevi iae and 
other Ascomycota, we used comparative genomics to search diverse eukaryotic genomes. Beginning with 
the Ascomycete fungi, we found candidate orthologues of the four related ChAP proteins (Bud7, Bch1, 
Chs6, Bch2) and phylogenetic analysis was performed to assess their distribution and inter-relation (Fig. 2). 
With very robust support, we find that Bch1 and Bud7 are the result of a specific duplication (node uniting 
the green and purple boxes: 1.00/100% poste ior prob-ability/bootstrap support) v ry near the divergence 
of the Saccharomyces, as are Bch2 and Chs6 (node uniting the orange and blue boxes clades-1.00/89%). 
Furthermore, the gene duplication giving rise to these two larger encompassing clades (node uniting the 
yellow and pink boxed clades-0.93/69) likely took place prior to the divergence of Yarrowia lipolytica with 
the rest of the Saccharomycotina. To more easily refer to these clades, we discuss the clade of Bud7 plus 
Bch1 and its preduplicate paralogues as BB8 (Bch1 + Bud7=  BB8) while Bch2, Chs6 and the preduplicate 
paralogues are referred to as BC8 (Bch2 + Chs6=BC8).
Expanding the search outside the Ascomycota identified a single homologue related to the four S. cerevisiae 
ChAP proteins, referred to simply as ChAP, present in nearly all Fungi (Fig. 3, Supplementary Table S1). 
Searches for Chs5 similarly revealed robust orthologues in the diversity of fungal genomes. We speculate 
the presence of an exomer complex and exomer-trafficking pathways in Fungi, based on the presence of the 
central Chs5 protein and homodimer of the ChAP proteins. 
In support of the prediction of a functional exomer complex in Fungi, at least 46 of the 69 exomer subunits 
identified in our homology searches were listed as having gene expression support in their respective genomic 
databases (Supplementary Table S1). This expression data inherently supports the genes as valid and not 
merely pseudogenes or erroneous gene predictions (Supplementary Table S1).
The initial duplication of ChAP allowed for neofunctionalization in Fungi.
Having detailed the ChAPs complement in Fungi and clarified the timing of the duplications, we wanted to 
better und rstand the functional evolution amongst ChAP protein paralogues. Upon gene duplication, s veral 
fates re possibl  including separation of anc s ral function o the paralogues (i.e. subfunctionalization) or 
retention of ancestral function in one paralogue and gain of novel function (i.e. neofunctionalization) in the 
other27. These different options are manifested as sequence divergence from the pre-duplicated proteins. 
We assume that equal divergence between paralogue sets is the result of subfunctionalization or simply 
accumulation of changes due to neutral evolutionary processes, while unequal divergence between lineages 
suggests neofunctionalization. We assessed the rate of change in ChAP proteins in two ways. Firstly, it is 
apparent from the branch lengths observed in Fig. 2 that the paralogues within the BC8 clade (pink box) are 
more divergent than are the paralogues within the BB8 clade (yellow box) suggesting that neofunctionalization 
and retention had taken place in the two respective clades. 
Secondly, because phylogenies are based only on the positions that are homologous to all genes 
considered and so some sequence data are excluded from the analysis, we calculated all possible pairwise 
percent sequence identities between the various ChAP proteins. Using these percentages, we explicitly tested 
the hypothesis that either Bud7 or Bch1 had neofunctionalized relative to the other by assessing whether 
either sets had higher perce t identity to the preduplicate BB8 paralogues. Likewise, we explicitly tested 
the hypothesis that Bch2 or Chs6 ha  neofunctionalized by assessing wheth r either et had h gher percent 
identity to the preduplicated BC8 genes. As seen in Fig. 4A, none of these comparisons were strongly 
different. We also tested the idea that one of Bch1, Bch2, Bud7 or Chs6 was significantly less diverged from 
the preduplicate ChAP sequences. Again, we found none of the Saccharomyces-specific protein sequences to 
show a higher percent identity to the preduplicate ChAP proteins than any of the others (Fig. 4B). However, 
consistent with the observations from the phylogeny, the sequences from the BC8 clade appeared to be more 
diverged than those of the BB8 clade. When considering all sequences, this was not outside the standard 
deviation of the average pairwise identity (Fig. 4C). However, when we accounted for the over-representation 
of Saccharomyces sequences (that would be counted as individual data points but yield nearly identical 
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i clusio  of tryptopha  (3 ) sig ifica tly decreased F3 7_0629500-depe de t qui i e uptake, easured 
i  the tat2  backgrou d (Fig. 2). Therefore, F3 7_0629500 could replace the tryptopha -suppressible qui i e 
uptake activity of its yeast structural ho ologue.
sitiz ti  t  s r l i li  ti l ri ls is s r ssi l  it  t    r tr t -
. e i troduced a 162  utatio  to F3 7_0629500, hich correspo ded to the S  previously li ked 
to chloroqui e resista ce i  . chabaudi27. Furtheri g that associatio  described i  the parasite, yeast ce ls express-
i g the uta t co struct ere co siderably ore res sta t to chloroqui e t a  ce ls expressi g the ild-ty  par-
asite protei . That is, i troductio  of the 162  S  rescued  hyperse sitivity of F3 7_0629500-expressi g 
ce ls (Fig. 3 ). The S  also rescued the ildly-slo ed gro th of the F3 7_0629500-expressi g ce ls see  i  
the abse ce of drug. The S  versio  of the parasite ge e as expressed at least as stro gly i  yeast as the ild 
type versio . This as sho  by q -  (Fig. 3 ), a d by easure e t of expressed protei  levels ith ester  
blotti g or flo  cyto etry (Supple e tary Fig. S3). (There as also o discer ible differe ce i  localizatio  of 
th  t o versio s of the protei ; see belo ).
e tested y ast expressi g F3 7_0629500 agai st several related drugs. s observed th c loroqui e, 
F3 7_0629500 expressio  co ferred hyperse sitivity to a odiaqui e ( eakest phe otype), efloqui e 
a d qui i e (stro gest phe otype). This i dicates that the parasite protei  deter i es se sitivity to ultiple 
ig re 1. xpressio  of F3 7_0629500 i creases chl oqui e uptake a d toxicity. ( ) east trp1  ce ls 
tra sfor ed ith p 190 vector, either e pty (ev) or co tai i g the F3 7-0629500 F ( f protei ), ere 
gro  either ith or ithout 1  chloroqui e ( ) (1   as used i  order to elicit yeast gro th effects 
i  the prese t assay syste ). e l doubli g ti es (right pa el) ere calculated fro  the expo e tial gro th 
phase a d the releva t treat e ts are as i dicated o  the pa el. ( ) east trp1  ce ls tra sfor ed as i  ( ) ere 
i cubated i  the prese ce of 0.4  chloroqui e spiked ith 20 µ  Ly x ag- . e lular Ly x ag-  
as deter i ed at i tervals ith flo  cyt try, a d ce lular autofluoresce ce subtracted. , arbitrary u its. 
l values are ea s  S  fro  three i depe de t deter i atio s. ****, p  0.0001 accordi g to ultiple 
co pariso s ( ith ukey correctio ) by t o ay .
ig re 2. o ple e tatio  of yeast at2 a d tryptopha -se sitivity of F3 7_0629500 activity. ild type or 
tat2  yeast ce ls tra sfor d ith p 190 vector, either e pty (ev) or co tai i g the F3 7-0629500 F 
( f protei ), ere i cubated for 20 i  ith 4  qui i e either ith or ithout 3  tryptopha  ( rp). 
a  (6 ) as i cluded i  a l i cubatio s to bala ce a  carry-over fro  tryptopha  stock solutio  
( a  had a s a l sti ulatory effect o  easured qui i e uptake). ui i e a alysis i  ce l lysates as 
accordi g to absorba ce deter i atio s at 350 , or alised for ce l u bers deter i ed just before lysis, 
ith subtractio  of backgrou d ( i us-qui i e). *p  0.05; **p  0.01; ****p  0.0001; accordi g to ultiple 
co pariso s (Sidak’s test) by t o ay .
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quinolines. In all cases, the SNP corresponding to that identified previously in the parasite reversed the sensi-
tivity phenotypes (Fig. 3A). IC50 values were derived from growth rate data at varying doses of the drugs which 
gave the strongest phenotypes above. For cells expressing empty vector, PF3D7_0629500 or the SNP construct, 
respectively, IC50 values were 3.56, 2.92 or 3.42 mM for quinine and 0.694, 0.435 or 1.037 mM for chloroquine. 
(In the case of chloroquine, cells expressing the T162E SNP construct were even more resistant to drug than cells 
expressing empty vector.) Previously, as with quinine uptake (above), quinine sensitization mediated by the yeast 
Tat2 was shown to be suppressible by tryptophan20. Here, inclusion of tryptophan in the medium also suppressed 
PF3D7_0629500-mediated sensitization to quinine (Fig. 4), further supporting a similar competition between 
drug and amino acid at this proposed transporter from the parasite.
Relationship between quinine uptake, quinine sensitivity and membrane-localization of 
PF3D7_0629500 in individual cells. Quinine uptake was assayed in the trp1Δ yeast background (versus 
tat2Δ background in Fig. 2 above) so we could test whether quinine sensitization (Fig. 3A) was correlated with 
increased drug uptake in PF3D7_0629500-expressing cells, as was the case with chloroquine (Fig. 1). A rapid 
(≤30 s) initial association of quinine with cells (probably reflecting non-specific cell surface binding) was fol-
lowed by continued accumulation of the drug in the PF3D7_0629500-expressing culture, but not in the empty 
vector control (Fig. 5A). After 60 min, cells expressing the parasite protein had accumulated ∼4-fold more drug. 
This increased uptake was abrogated by introduction of the T162E SNP (Fig. 5B). The data were consistent with 
the suggestion that increased drug uptake in PF3D7_0629500-expressing cells causes their quinine sensitivity.
Yeast Tat2p is a plasma membrane-localized transport protein32. In P. falciparum, PF3D7_0629500 has been 
reported to localize to the digestive vacuole membrane, observed using a fluorescent reporter fusion construct, 
in keeping with its putative function as an amino acid transporter33. To localize PF3D7_0629500 in yeast we 
expressed a GFP tagged version of the protein in the tat2Δ yeast background. Consistent with a transport func-
tion, the protein localized primarily to the yeast plasma membrane, co-localizing precisely with the membrane 
stain FM4-64 (a short FM4-64 staining time was used to restrict staining to the plasma membrane34) (Fig. 6A). 
There was no apparent difference in localization of the PF3D7-0629500 protein versus the same protein carrying 
Figure 3. Sensitization to several quinoline antimalarials by PF3D7_0629500 expression and reversal with the 
T162E SNP. (A) Yeast trp1Δ cells transformed with pCM190 vector, either empty (ev) or expressing PF3D7-
0629500 (Pf protein) or the same protein carrying the T162E SNP (Pf-T162E), were cultured with either 1 mM 
chloroquine (CQ), 1 mM amodiaquine (AQ), 25 μM mefloquine (MQ) or 3 mM quinine (QN). Mean data 
are shown from at least three independent experiments ± SEM. (B) RNA was extracted from wild type yeast 
transformed as in (A) and mRNA corresponding to the wild type PF3D7-0629500 ORF or SNP (T162E) version 
was analysed with qRT-PCR, performed in triplicate for each condition. The same amount of RNA extract 
was used for each reaction. There was not a significant difference (ns, according to Student’s t-test, two tailed) 
between the conditions either when compared by raw counts (as shown) or after normalization against ACT1 
mRNA. au, arbitrary units.
Figure 2. Exomer components and their relationship in Fungi. Phylogenetic tree showing the duplication of ChAP 
components during Saccharomycotina evolution from a pre-duplicated ChA  protein to th common ance tor of Bch1/
Bud7 and common ancestor of Bch2/Chs6, followed by the duplication giving rise to these individual components 
prior to Saccharomyces speciation. Smaller internal boxes denote the four near Saccharomyces-specific proteins 
(Green box: Bud7 clade: Purple box: Bch1 clade; Orange box: Chs6 clade; Blue box: Bch2 clade), while the outer 
boxes denote the clades of BB8 (i.e. Yellow box: Bch1, Bud7 and preduplicate  homologues) and BC8 (Pink box: 
Bch2, Chs6 and preduplicated homologues) respectively. The MrBayes topology is shown with posterior probability 
values (first number) and ML bootstrap support values (second number) overlain on all nodes reconstructed with 
0.8PP (Bayesian posterior probabilities) and 50% or better. Scale bar: Number of changes or substitution per site.
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quinolines. In all cases, the SNP cor esponding to that identified previously in the parasite reversed the sensi-
tivity phenotypes (Fig. 3A). IC50 values were derived from growth rate data at varying doses of the drugs which 
gave the strongest phenotypes above. For cells expres ing empty vector, PF3D7_062950  or the SNP construct, 
respectively, IC50 values were 3.56, 2.92 or 3.42 mM for quinine and 0.694, 0.435 or 1.037 mM for chloroquine. 
(In the case of chloroquine, cells expres ing the T162E SNP construct were even more resistant to drug than cells 
expres ing empty vector.) Previously, as with quinine uptake (above), quinine sensitization mediated by the yeast 
Tat2 was shown to be sup res ible by tryptophan20. Here, inclusion of tryptophan in the medium also sup res ed 
PF3D7_062950 -mediated sensitization to quinine (Fig. 4), further sup orting a similar competition betwe n 
drug and amino acid at this proposed transporter from the parasite.
Relationship between quinine uptake, quinine sensitivity and membrane-localization of 
PF3D7_0629500 in individual cel s. Quinine uptake was as ayed in the trp1Δ yeast background (versus 
tat2Δ background in Fig. 2 above) so we could test whether quinine sensitization (Fig. 3A) was cor elated with 
increased drug uptake in PF3D7_062950 -expres ing cells, as was the case with chloroquine (Fig. 1). A rapid 
(≤30 s) initial as ociation of quinine with cells (probably reflecting non-specific cell surface binding) was fol-
lowed by continued ac umulation of the drug in the PF3D7_062950 -expres ing culture, but not in the empty 
vector control (Fig. 5A). After 60 min, cells expres ing the parasite protein had ac umulated ∼4-fold more drug. 
This increased uptake was abrog t d by introduction of the T162E SNP (Fig. 5B). The data were consistent wit  
the sug estion that increased drug uptake in PF3D7_062950 -expres ing cells causes their quinine sensitivity.
Yeast Tat2p is a plasma membrane-localized transport protein32. In P. falciparum, PF3D7_062950  has be n 
reported to localize to the digestive vacuole membrane, observed using a fluorescent reporter fusion construct, 
in ke ping with its putative function as an amino acid transporter3 . To localize PF3D7_062950  in yeast we 
expres d a GFP tag ed version of the protein in t e tat2Δ yeast background. C nsistent with a transport func-
tion, the protein localized primarily to the yeast plasma membrane, co-localizing precisely with the membrane 
stain FM4-64 (a short FM4-64 staining time was used to restrict staining to the plasma membrane34) (Fig. 6A). 
There was no ap arent difference in localization of the PF3D7-062950  protein versus the same protein car ying 
Figure 3. Sensitization to several quinoline antimalarials by PF3D7_062950  expres ion and reversal with the 
T162E SNP. (A) Yeast trp1Δ cells transformed with pCM190 vector, either empty (ev) or expres ing PF3D7-
062950  (Pf protein) or the same protein car ying the T162E SNP (Pf-T162E), were cultured with either 1 mM 
chloroquine (CQ), 1 mM amodiaquine (AQ), 25 μM mefloquine (MQ) or 3 mM quinine (QN). Mean data 
are shown from at least thre  independent experiments ± SEM. (B) RNA was extracted from wild type yeast 
transformed as in (A) and mRNA cor esponding to the wild type PF3D7-062950  ORF or SNP (T162E) version 
was analysed with qRT-PCR, performed in triplicate for each condition. The same amount of RNA extract 
was used for each reaction. There was not a significant difference (ns, ac ording to Student’s t-test, two tailed) 
betwe n the conditions either when compared by raw counts (as shown) or after normalization against ACT1 
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the T162E SNP. The PfCRT transporter of the parasite’s digestive-vacuole also localizes to the plasma mem-
brane when expressed in yeast24. Unexpectedly, there was visible heterogeneity between individual cells in their 
expression-level and localization of the protein: high-expressing cells are indicated by arrows, while comparison 
with the FM4-64 panels highlights certain cells that showed little or no PF3D7_0629500-associated GFP flu-
orescence (Fig. 6A). Heterogeneity of gene expression, protein localization or other phenotype between indi-
vidual cells within genetically-uniform populations is described in other systems35–37. Here, we exploited this 
phenomenon to interrogate further the relationship between PF3D7_0629500 expression-level and drug sensi-
tivity. Again we exploited the trp1Δ background to help discern drug sensitivity. Heterogeneity in expression of 
PF3D7_0629500-GFP was quantifiable with flow cytometry, which indicated a broad non-normal distribution of 
cell fluorescences extending to almost two orders of magnitude greater than the mode cell-fluorescence (Fig. 6B). 
The > 100-fold total variation in expression level was comparable to that of one of the most variably expressed 
yeast proteins (a virulence factor of Candida glabrata) reported to date38. Cell subpopulations were gated by 
their level of GFP fluorescence (Fig. 6B), then FACS sorted into four cell suspensions which were each assayed 
independently for quinine resistance. Quinine resistance was progressively eroded with increasing expression 
of PF3D7_0629500-GFP (Fig. 6C). The highest expressing fraction of cells showed no growth at 2 mM quinine. 
Figure 4. Sensitization to quinine in PF3D7_0629500-expressing cells is tryptophan suppressible. Yeast trp1Δ 
cells transformed with pCM190 vector, either empty (ev) or expressing PF3D7-0629500 (Pf protein), were 
cultured as specified either with or without 3 mM quinine and/or 1 mM tryptophan (Trp). Cell doubling times 
were calculated during the exponential phase of growth. Mean data are shown from at least three independent 
experiments ± SEM. ****p < 0.0001 according to multiple comparisons (with Tukey correction) by two way 
ANOVA.
Figure 5. Increased quinine uptake in drug-sensitive PF3D7_0629500-expressing cells and reversal with the 
T162E SNP. (A) Yeast trp1Δ cells transformed with vector pCM190, either empty (ev) or expressing PF3D7-
0629500 (Pf protein), were cultured with 4 mM quinine for the indicated time intervals before harvesting and 
lysis. Quinine analysis was as described in the Fig. 2 legend. (B) Yeast trp1Δ cells transformed with vector 
pCM190, either empty (ev), or expressing PF3D7-0629500 (Pf protein) or the same protein carrying the T162E 
SNP (Pf-T162E), were cultured for 20 min with 4 mM quinine before analysis of cellular quinine. Values are 
means ± SEM from three independent determinations. ***, p < 0.001 according to multiple comparisons (with 
Tukey correction) by two way ANOVA.
Figure 3. Dot plot of exomer orthologues. This diagram illustrates the data from homology searching (Supplementary 
Table S1) and suppor ed by phylogenetic analysis (Fig. 2) showing the presence of duplicated ChAP com onents in 
the Saccharomycotina and the presence of a pre-duplicated ChAP protein in diverse eukaryotic lineages, as well as 
Chs5 as a pan-fungal component. Filled dots indicate the identification of an orthologue while empty indicates that 
no orthologue was found. **Relationships shown are based on 51, 52,  53.
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In contrast, the lowest expressing cells retained > 80% outgrowth at 2 mM quinine, and ∼10% outgrowth at 
2.5 mM quinine. Results for medium expression-level populations supported this trend, albeit a little more vari-
able between replicates. Therefore, reinforcing the observations with bulk cell populations (Fig. 3A), variation in 
single-cell expression level of PF3D7_0629500 affects the drug sensitivities of individual cells. Such variation itself 
can have important implications, as discussed further below.
Discussion
Previously it was found that, in yeast, quinine is specifically transported via the high-affinity aromatic amino 
acid transporter Tat220. The present study extrapolated this work to the Plasmodium parasite. The major finding 
from heterologous expression studies with PF3D7_0629500, a Tat2 structural-homologue identified from P. fal-
ciparum, was that the parasite protein determines quinine and chloroquine uptake and resistance when expressed 
in yeast. This homologue could not be identified using a standard BLAST search but was found with the HHPred 
tool which uses predicted secondary structures. Protein secondary structures diverge at a slower rate than amino 
acid sequence and so can help to identify more distant homologues39,40.
The protein that is the focus of this work has previously been associated with quinoline resistance in the par-
asite. PF3D7_0629500 was identified by transcriptome profiling as one of only 45 genes differentially expressed 
between chloroquine-sensitive and -resistant mutants of P. falciparum41. Moreover, a non-synonymous SNP in 
AAT1 (the PF3D7_0629500 homologue of P. chabaudi) was a key determinant of chloroquine resistance in lab-
oratory evolved parasites27, and PF3D7_0629500 was recently associated with chloroquine resistance in P. falci-
parum by genome-wide association28. However, the protein has not been subject to detailed study and its function 
is not previously established. Function could not be detected following heterologous expression in Xenopus laevis 
oocytes29, in contrast to the yeast expression system described here. Reasons for this difference may include 
differences in protein folding or localization in the two expression systems. Reported vacuolar-membrane local-
ization of the protein in the parasite translated into plasma membrane localization in yeast (see below), which 
was effective as the protein was functional. Yeast is well documented as a suitable host for heterologous expres-
sion of functional Plasmodium spp. proteins22–24. The PF3D7_0629500 protein is expressed throughout the par-
asite intraerythrocytic cycle, at which most current antimalarials act42,43, and is designated a putative amino acid 
transmembrane transporter based on sequence similarity. The protein has been reported to be expressed at the 
Figure 6. Heterogeneous expression of PF3D7_0629500 at the yeast plasma membrane determines individual-
cell drug sensitivity. (A) Yeast tat2Δ cells expressing GFP-tagged PF3D7-0629500 (Pf protein) or Pf-T162E 
from vector pCM190 were stained with FM4-64 and examined by fluorescence microscopy. The fields of view 
shown are representative of several observed. Merged images (GFP in green, FM4-64 marker in magenta) are 
shown, as are the individual channels. Intensity line profiles along the lines (a, b, c, d) shown in the merged 
images are presented in the lower panels. Arrows indicate the high-expressing cells. au, arbitrary units. (B) Yeast 
trp1Δ cells expressing GFP-tagged PF3D7-0629500 were sorted into low (L), medium-low (ML), medium-high 
(MH) and high (H) -expressing cell subpopulations, according to GFP fluorescence; > 1,000 cells were sorted 
from each subpopulation. (C) Sorted cell subpopulations (B) were spread plated to YPD agar supplemented 
or not with quinine as indicated. Colony forming units (CFUs) were enumerated after 4 d incubation and 
expressed as a percentage of CFUs observed for the same cell subpopulation on minus-quinine control plates. 
Values are means ± SEM from three independent experiments.
values and thus bias the calculation), by including only the S. cerevisiae sequences, we found that the BC8 
sequences were more diverged (BB8=55.84%+/-4.6 vs BC8=43.34+/-6.8), outside of one standard deviation 
(Fig. 4C). These analyses, and the assumption that sequence divergence reflects functional divergence, all 
suggest that the first gene duplication that gave rise to the BB8 and BC8 clades resulted in a neofunction-
alization of the BC8 paralogues. The BB8 genes appear to be less diverged and thus are predicted to be more 
like the ancestral ChAP protein.
ChAP, but not exomer, is a widespread feature of the eukaryotic membrane-trafficking 
complement.
The presence of exomer subunits in Fungi and earlier reports of exomer subunits in mycetozoa, red algae 
and ciliates10 prompted us to search for homologues in the rest of eukaryotes.  Despite finding common 
signatures for BRCT and FN3 domains (see be-low), we could find no credible orthologues of Chs5 in diverse 
eukaryotes outside of the Fungi, using BLAST and HMMER homology-searching methods. 
By contrast, we were able to identify ChAP orthologues in genomes of organisms from across the breadth 
of eukaryotes (Fig. 3). The pattern of a broad evolutionary distri-bution, but frequently with only selected 
organisms possessing at least one ChAP protein, was further confirmed by searches that used the relevant 
member of the supergroup as the target database for reciprocal best hit validation. We suggest that the ChAP 
Figure 4. Percent pairwise identities of ChAP proteins across Fungi. (A) Comparisons of each Saccharomyces-specific 
prote s versus the preduplicate ge es from the BB8 and BC8 clades. (B) Comparison  of each Saccharomyces-
specific protein versus preduplicate ChAP genes from non-ascomycete fungi. (C) Comparisons of all BB8 and all 
BC8 versus the preduplicate ChAP genes from non-ascomycete fungi followed by BB8 and BC8 balanced to have 
a single ascomycete genus represented. This final comparis n is the only one with non-overlapping rrors bars, 
showing a robust difference in values.  Error bars show one standard deviation of the average percent ID in all pairwise 
comparisons between the sets. The taxon sets were defined according to the Annotation labels in Supplementary 
Table S1 and defined as follows. Bud7: Bud7Spar, Bud7Scer, Bud7Sbou, Bud7Sbay, Bud7Seub, Bud7Sarb. Bch1: 
Bch1Sbay, Bch1Seub, Bch1Skud, Bch1Sarb, Bch1Spar, Bch1Scer, Bch1Sbou. Bch2: Bch2Scer, Bch2Sbou, 
Bch2Spar, Bch2Skud, Bch2Sarb, Bch2Sbay, Bch2Seub. Chs6: Chs6Sbay, Chs6Seub, Chs6Sarb, Chs6Skud, 
Chs6Smik, Chs6Scer, Chs6Sbou, Chs6Spar. PDBB8: BB8Ppas, BB8Calb, BB8Dhan, BB8Psti, BB8Klac, BB8Ago. 
PDBC8: BC8Klac, BC8Cgla, BC8Agos, BC8Psti, BC8Ppas, BC8Calb, BC8Dh n. ChAP: C APYlip,  ChAPNcra, 
ChAPAmac,  ChAP-Bden,  ChAPSpom,  ChAPCneo,  ChAPUmay,  ChAPMver,  ChAPRirr,  ChAPRory. BB8All: 
The set of Bud7+Bch1+PDBB8. BC8All: The set of Bch2+Chs6+PDBC8. BB8-B: The set of PDBB8+ Bud7Scer+ 
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parasite’s digestive vacuole membrane33. Heterologous expression of the GFP tagged version in yeast gave local-
ization primarily to the plasma membrane, providing a convenient system for assaying transport function via 
analysis of whole-cell drug contents after simple cell separation from medium.
The localization information helps rationalise the effects of the protein on drug resistance. In the parasite, 
PF3D7_0629500 is likely to mediate transport of a wide range of amino acids or small peptides from the parasite’s 
digestive vacuole, where haemoglobin is digested42,44. Such movement down the concentration gradient from vac-
uole to cytoplasm is consistent with a facilitated diffusion transport mechanism, as occurs in the yeast homologue 
Tat2. This is further supported by suggestions that PF3D7_0629500-mediated drug transport is passive, unaffected 
by incubation at 4 C or treatment with the protonophore CCCP (S. Tindall and S.V. Avery, unpublished data). It 
follows that, according to its localization, PF3D7_0629500 would facilitate transport of drug (down the concentra-
tion gradient) either from cytoplasm to vacuole in the parasite, or from extra- to intra-cellular in yeast (Fig. 7). In 
both cases, this represents transport of drug to its anticipated site of action (different in yeast and parasite) and is in 
keeping with the drug-sensitivity or -resistance phenotypes seen, respectively, with expression of the wild type or 
SNP (loss of drug transport) versions of the protein in yeast (present data) and parasite27. The SNP introduced here 
corresponded to that found in the parasite-resistance study and which, we showed, impairs drug-transport func-
tion. The T162E SNP creates a more negative charge in a conserved region near the start of a transmembrane helix; 
a very similar effect to that of the K76T SNP in PfCRT which confers CQ resistance27, discussed further below.
As with the yeast Tat2p transporter20, PF3D7_0629500-dependent quinine sensitivity was suppressible with 
tryptophan. This suggests that as in yeast, the drug competes for uptake with tryptophan, a proposed natural sub-
strate of the parasite protein. Such competition may be less relevant where drug and amino acid are moving down 
concentration gradients in opposite directions. Nonetheless, where it does occur, competition can be ascribed 
to the structural similarity of tryptophan and quinine, a drug that is derived enzymatically from tryptophan45. 
Competition between quinine and tryptophan also raises the possibility that quinine displaces the essential amino 
acid intracellularly, e.g. during metabolism or protein synthesis20. Tryptophan depletion arising in this way has 
been proposed to account for certain of the drug’s adverse effects in quinine-treated malaria patients25. It cannot 
be discounted that a similar tryptophan-depletion mechanism could contribute to quinine action in the parasite.
There was heterogeneity between cells in the level of GFP tagged PF3D7_0629500 expression in yeast. Such 
heterogeneity underscores how population averaged measurements can misrepresent the activities relevant to any 
individual cell46. Phenotypic heterogeneity within genetically-uniform cell populations is thought to be a universal 
phenomenon, which has received increased scrutiny in recent years with the growing awareness of its potential 
role in the persistence of microbial infections and tumours38,47,48. Typically, phenotypic heterogeneity within a 
clonal cell population is caused by gene-expression variation, arising from noise during transcription or transla-
tion, or cell cycle-, age-, or epigenetically-driven changes in expression. Epigenetic changes in the expression of 
surface antigens of P. falciparum are reported to help avoid host immune responses35. The marked heterogeneity of 
PF3D7_0629500 expression seen in this study was exploited as a novel tool to dissect the relationship between drug 
sensitivity and PF3D7_0629500 expression, at an individual cell level. We cannot infer whether PF3D7_0629500 
expression or membrane-localization is as heterogeneous in the parasite as is apparent in yeast. However, given 
the protein’s evident function in quinoline-drug transport and toxicity, any heterogeneity could have important 
implications for malaria treatment with quinolines. In bacteria, phenotypic heterogeneity is well known to create 
phenotypically resistant sub-populations – persister cells – which may re-initiate infection when antimicrobial 
Figure 7. A model of PF3D7_0629500 action. PF3D7_0629500 is proposed to facilitate cross-membrane 
diffusion of amino acids or structurally-related quinolines down concentration gradients. In the parasite, this 
would probably enable release of amino acids from the digestive vacuole or entry of drug into the vacuole. 
In yeast, where the heterologous protein localizes to the plasma membrane, PF3D7_0629500 enables drug 
uptake into cells. The T162E SNP abrogates the drug transport function, decreasing drug accumulation at the 
respective sites of action in both organisms.
protein is a component of the trafficking system of diverse eukaryotes, and was present in the LECA, but 
may be expendable and has been lost on many occasions, including at the multicellular boundary in the 
independent lineages giving rise to animals and plants.
Finally, in an effort to identify the origins of the exomer complex, we took advantage of the sensitivity 
afforded by HMM-based searching methods for all of the homology searches that we performed. In cases 
when exomer homologues were identified, we tallied the functional annotation of the next best-scoring, non-
orthologous protein. In cases when no clear exomer candidate was retrieved (i.e. the top hit had a robust func-
tional annotation as a different protein), we tallied that annotation. We were not able to find any evidence 
of specific homology between a ChAP and a particular protein, nor any for Chs5 (data not shown). We 
further performed HMMER searches into the meta-genomes of the Asgardarchaeota, the recently described 
most closely related archaeal lineage to eukaryotes with which homologues of several eukaryotic membrane 
trafficking machinery components are exclusively shared, implying the archael origin of this machinery28. 
However, searches into the Candidatus Thorarchaeota archaeon AB_25, Candidatus Heimdallarchaeota 
archaeon LC_2, Candidatus Odinarchaeota archaeon LCB_4 and Candidatus Lokiarchaeota archaeon 
CR_4 genomes yielded no significant results that met the forward and reverse BLAST criteria set out in 
the Materials and Methods. Although the presence of BRCT domains and TPR repeats in Chs5 and ChAP 
proteins, respectively, are suggestive of origins from other eukaryotic proteins containing these domains, no 
clear hypothesis regarding the origins of exomer components is sup-ported at this time. 
Exomer complex validation outside Saccharomyces genus
Our informatics analyses strongly suggested the presence of an exomer complex at work along the 
whole Fungi linage . In order to test this hypothesis, we heterologously xpressed the N-termin l part of 
the Chs5 genes from several fungi including the basidiomycete Ustilago maydis and the zygomycete Mucor 
circinelloides in S. cerevisiae cells deleted for CHS5. Taking into account that the N-terminal part of Chs5 
(ScChs5*) is functional29, we amplified this fragment by PCR from S. cerevisiae, Kluyveromyces lactis, 
Candida albicans, U. maydis and M. circinelloides (see Supplementary Fig. S1), cloned them, fused to a 
GFP-tag at their C-terminus, and expressed the resulting fusion proteins under the strong pGAL1 promoter 
in S. cerevisiae. 
The localization of the proteins was assessed by fluorescence microscopy after one and three hours of 
expression (Fig. 5). T e proteins ScChs5*, KlChs5* and CaChs5* ere neatly visualized as intracellular 
spots after one hour, h wing a strong co-localization with the TGN market Sec7-mR2 (Table 1) suggestive 
of its correct assembly. Overexpression for three hours of both U. maydis and M. circinelloides Chs5 
N-terminal fragments, lead to the formation of discrete intracellular foci that, however, did not co-localized 
with Sec7-mR2 (Fig. 5A), a result that question the nature of these foci.
Chs5 acts as scaffold for the ChAP subunits of exomer, therefore we next determined the capacity of these 
N-terminal fragments to recruit the Chs6 ChAP (Figure 5B). The ScChs5* and KlChs5* proteins co-localized 
neatly with Chs6-mCh after one hour in galactose in intracellular spots. However, co-localization between 
CaChs5* and Chs6 was almost negligible despite the correct localization of the CaChs5* at the TGN. Longer 
overexpression of this protein partially colocalized with Chs6 at an uncertain intracellular localization (not 
shown). The co-localization between UmChs5* or McChs5* and Chs6 is irrevelant since it would occur at 
an incorrect localization. Altogether, these results (Table 1) indicate that only the N-terminal fragments from 
Saccharomycotina trains assembled at at the TGN and are able to r cruit to some extent the Chs6 ChAP.
We next addressed the functional complementation of these proteins. Overexpression of ScChs5* 
complemented the chs5∆ associated phenotypes (29, Fig. 5B) including calcofluor resistance, and lithium 
and hygromycin sensitivities. The KlChs5* fragment had a modest effect on calcofluor sensitivity but clearly 
alleviated lithium and hygromycin sensitivities. CaChs5* improved lithium and hygromycin resistance 
while was unable to restore calcofluor sensitivity. UmChs5* ameliorated only the growth n lit ium plates. 
McChs5* overexpr ssio  results are difficul  to interpret because the deleterious effect  on the construct 
upon overexpression (notice its low growth in control plates). 
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therapy is stopped48. To date there has been less work of a similar nature in Plasmodium spp., although “dormancy” 
in the parasite could have a similar effect as antimicrobial persistence49. The present results suggest a possibility 
that PF3D7_0629500 might be a good candidate for further study. Moreover, gene expression heterogeneity within 
clonal Plasmodium spp. populations could be an important gap in current drug resistance models.
Several parallels have previously been noted between PF3D7_0629500 and PfCRT, the best studied chloro-
quine resistance determinant in P. falciparum. Both are thought to serve as channel proteins on the digestive 
vacuole membrane, each containing 10 transmembrane domains27,50. Both may be involved in the transport of 
amino acids or small peptides42,51. Furthermore, inhibition of PfCRT-mediated amino acid and peptide transport 
by chloroquine has been suggested potentially to contribute to the drug’s inhibitory action51. A similar potential 
action is discussed above for PF3D7_0629500. Finally, mutations in PfCRT have been shown to alter sensitivity 
to further quinolines, such as quinine, amodiaquine and mefloquine52,53. PF3D7_0629500 expression sensitized 
yeast to all the quinoline antimalarials that were tested in this study. The evidence suggests that PF3D7_0629500 
could be important as a multi-drug sensitivity/resistance determinant in Plasmodium spp.
The weight of published evidence remains with PfCRT (in particular the K76T SNP) as the foremost marker 
of chloroquine resistance in isolates of P. falciparum. A similar strong marker has not been found with the P. vivax 
homologue (PvCRT)54,55, although there is evidence that chloroquine resistance may be conferred by changes in levels 
of PvCRT (or PvMDR1) expression56. It would be of interest to investigate the P. vivax orthologue of PF3D7_0629500 
(PVP01_1120000) as a potential resistance marker in P. vivax, where resistance to chloroquine is a growing concern57.
Among the current malaria treatment options, quinolines are commonly combined with artemisinin (or arte-
misinin derivative) in antimalarial combination treatments (ACTs). Therefore, it is worth noting that a SNP in 
PF3D7_0629500 (S258L) has previously been associated with artemisinin-resistant subpopulations of clinical P. 
falciparum isolates7. Any evolutionary selection of this SNP is not necessarily artemisinin-driven, as mutations 
conferring artemisinin resistance can be selected before a population has been exposed to the drug58. Moreover, 
given the present data and considering the prevalence of ACT therapy, we also suggest the possibility that selec-
tion for the S258L SNP could have been driven by quinolines used in combination with artemisinin.
In conclusion, rationalising previous observations with malaria parasites, the heterologous expression studies 
presented here reveal that PF3D7_0629500 activity can determine the transport and action of multiple quinoline 
drugs. Furthermore, cell-cell heterogeneity in PF3D7_0629500 activity provided a novel tool to corroborate that 
relationship, while suggesting the tantalising possibility of heterogeneous activity also in the parasite and atten-
dant implications for modelling quinoline drug resistance. Finally, the results reinforce the value of model systems 
for uncovering or substantiating novel protein functions that may have an important bearing on the spread (and 
control) of antimalarial drug resistance.
Methods
Bioinformatic analysis. The online tool HHPRED40 (available at http://toolkit.tuebingen.mpg.de/hhpred) 
was used to find orthologues of the S. cerevisiae high-affinity tryptophan transporter, Tat2, in P. falciparum. The 
Tat2 amino acid sequence from S. cerevisiae (UniProt P38967) was used as a query sequence in HHPRED using 
the Plasmodium falciparum and Saccharomyces cerevisiae databases as the target proteomes. All other options 
were at default settings. This seed query generated a multiple alignment of homologues using multiple iterations 
of PSI-BLAST. A secondary structure prediction was carried out and annotated on the final alignment using 
PSIPRED59 from which a profile Hidden Markov Model (HMM) is derived. HMM-to-HMM comparisons were 
carried out against all available HMM databases in the target proteomes to locate homologues based on similarity 
of predicted secondary structure rather than sequence alone.
Yeast strains and culture conditions. The S. cerevisiae diploid strain BY4743 (MATa/MATα his3-1/his3-1 
leu2-0/leu2-0 met15-0/MET15 LYS2/lys2-0 ura3-0/ura3-0), and isogenic deletion mutants trp1Δ and tat2Δ were 
from Euroscarf (Frankfurt, Germany). Yeast were maintained and grown in YPD medium (2% peptone, 1% yeast 
extract, 2% D-glucose; Oxoid, Basingstoke, UK), or YNB medium (0.69% yeast nitrogen base without amino 
acids; Formedium; Norfolk, UK) supplemented with 2% (w/v) D-glucose and as appropriate for plasmid selec-
tion60. Where necessary, media were solidified with 2% (w/v) agar (Sigma). To culture organisms for experiments, 
single colonies were used to inoculate broth cultures in Erlenmeyer flasks and incubated at 30 °C with orbital 
shaking at 120 rev min−1. The same procedure was used for all strains.
Growth inhibition assays. For continuous growth assays with the different yeast strains, mid/
late-exponential cultures were diluted to OD600∼0.1 and 300 µl aliquots transferred to 48-well microtiter plates 
(Greiner Bio-One; Stonehouse, UK) with antimalarial drugs added as specified and balanced for any solvent 
additions. Plates were incubated at 30 °C with shaking in a BioTek Powerwave XS microplate spectrophotometer 
and OD600 was recorded every 30 min. Cell doubling times were calculated from the linear portion of exponential 
growth. Drug concentrations giving 50% growth inhibition (IC50 values) were determined from doubling-time 
data at different drug concentrations. Antimalarial drugs used were amodiaquine dihydrochloride dihydrate 
(AMQ), chloroquine diphosphate salt (CQ), mefloquine hydrochloride (MQ) and quinine dihydrochloride (QN) 
(Sigma). Drugs were dissolved in water except quinine and mefloquine which were prepared in 70% (v/v) ethanol 
stock solutions, diluted to 0.5% final ethanol concentration for experiments. Ethanol at 0.5% has no effect on 
yeast viability and was balanced in relevant control incubations. Tryptophan additions were from stock solutions 
of 0.5 M L-tryptophan (Sigma) prepared in 1 M NaOH. NaOH (6 mM) was included in relevant control incu-
bations to balance NaOH carry-over from the tryptophan stock solution. For assays based on colony forming 
ability, FACS-sorted cell subpopulations (see below) were diluted in PBS to OD600∼5 × 10−5 (∼1500 cells ml−1) 
and 200 µl aliquots spread-plated to YPD agar plates supplemented with QN as specified. Colony forming units 
(CFUs) were counted after 4 d incubation at 30 °C.
In summary, most of the heterologously expressed N-terminal fr gments of Chs5 were able to partially 
complement the chs5∆ associated ph notypes in S.cerevisiae. Although function likely diverges the most 
distantly related taxa are from S. cerevisiae, these data do suggest a role for the exomer complex within fungi.
Discussion
In S. cerevisiae, the exomer complex serves as a potential adaptor complex for the export of cargo from 
the TGN to the plasma membrane. In fact, there is no single xomer complex, but several different ones can 
be fo med, presumably aiding the transport f specific cargoes. We sought to understand the extent to which 
this secretory pathway was present in eukaryotes beyond this model system, as well as to understand the 
evolutionary history of the complex. 
We were able to confirm that the four proteins Bch1, Bch2, Chs6 and Bud7 are specific to the Saccharomyces 
(plus C. glabrata)10. These were produced by three gene duplications, two in the Saccharomyces (plus C. 
glabrata) and one after Yarrowi  split f om the remaining Saccharomycotina, producing a paral gous protein 
family from a singl  primordial ChAP protein. Notably, the phylogeny suggests th t the duplicati n of the 
relevant paralogues took place prior to the separation of C. glabrata from the Saccharomyces. In this case, 
the C. glabrata Bud7 and Bch2 paralogues were subsequently lost. This would be consistent with the loss 
of new paralogues early after duplication and be-fore neofunctionalization has been established. C. glabrata 
Figure 5. Heterologous expression of N-terminal fragments of CHS5 with different evolutionary origins: S. 
cerevisiae (ScChs5*), K. lactis (KlChs5*), C. albicans (CaChs5*), U. maydis (UmChs5*) and M. circinelloides 
(McChs5*). (A) Localiz tion of N-terminal fragments of Chs5 from the indicated proteins tagged with GFP and 
co-localization of these fragments with the TGN marker Sec7-mRuby2. Images were acquired after induction in 
galactose media for the indicated times. (B) Co-localization of heterologouslly expressed versions of Chs5 with 
the Ch 6 ChAP. The plasmids containing th  indicated version of Chs5* were transformed in a S. cerevisiae chs5∆ 
mutant with a chromosomally tagged version of CHS6 (CHS6-mCherry). Proteins were expressed in galactose 
media for one hour as indicated. Note the apparent co-localization of green and red signals in some strains, indicative 
of an effective recruitment of Chs6-mCh from the cytoplasm by the heterologous expressed Chs5* fragments. (C) 
Complementation of the chs5∆ ph no-types by the heterologous expressed proteins. Note the alleviation of some 
phenotypes upon overexpression on galactose media. Overexpression of McChs5*-GFP showed deleterious effects 
on growth, therefore the complementation test is unreliable. All test were preformed in a S. cerevisiae chs5∆ strain 
grown overnight in raffinose m dia and later plated directly on galactose plates after appropriated dilution. See text 
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Heterologous expression of PF3D7_0629500 and Introduction of SNPs. A yeast-codon optimised 
PF3D7_0629500 gene cloned in the pUC57 vector was a kind gift from Enrique Salcedo-Sora (Liverpool Hope 
University). For expression in yeast, NotI and PmeI sites were added to the 5′ and 3′ termini of the PF3D7_0629500 
ORF by PCR and the product ligated between these restriction sites in the pCM190 vector61. This placed the ORF 
under the control of the doxycycline-regulatable tetO promoter. To introduce a T162E SNP into PF3D7_0629500, 
the Q5 site-directed mutagenesis kit was used according to the manufacturer’s instructions [New England Biolabs 
(NEB); Hitchin, UK]. Introduction of the SNP was verified by sequencing. Recombinant plasmids were trans-
formed into S. cerevisiae using the lithium acetate method62. To tag PF3D7_0629500 and PF3D7_0629500T162E 
with GFP, BstBI and AscI sites were added to the 5′ and 3′ termini of the relevant ORF by PCR and the product 
ligated between these restriction sites in the pFA6a-GFP(S65T)-His3MX6 vector63. The EGFP cassette with a frag-
ment of the PF3D7_0629500 or PF3D7_0629500T162E ORF up to its 3′ BlpI digestion site was then PCR amplified 
with the addition of a 5′ SfiI site and ligated in frame to pCM190-PF3D7_0629500. Primer sequences are available 
on request. Transformed yeast were grown on YNB medium with appropriate supplements for selection. All DNA 
cloning and genetic manipulations were performed in Escherichia coli XL1-blue cells. PCR, restriction digests and 
ligations were carried out using standard protocols64.
RNA extraction and quantitative RT-PCR (qRT-PCR). mRNA from specified genes in plasmid-transformed S. 
cerevisiae BY4743 was quantified by qRT-PCR exactly as described previously65, except that RNA was isolated by the “hot 
phenol” technique then treated with Amplification Grade DNase I (Sigma-Aldrich, St. Louis, MO), and 25 ng cDNA with 
175 nM gene-specific primers (sequences available on request) were used in the PCR reactions. PCRs were carried out for 
40 cycles; denaturation at 95 °C for 15 s, annealing/extension at 60 °C for 30 s. Melting-curve analysis confirmed a single 
PCR product. Amplification was quantified from a standard curve constructed from reactions with defined genomic DNA 
concentrations.
Fluorescence microscopy and FACS. For examination of GFP fluorescence by microscopy and flow 
cytometry, exponential-phase yeast cells were washed with PBS, and imaged with a DeltaVision Elite micro-
scope (GE Healthcare Life Sciences, UK) equipped with a Photometrics CoolSnap HQ2 camera (Photometrics, 
USA), or analysed with a Beckman Coulter FC500 cytometer. Staining for ∼5 min with FM4-64 (SynaptoRed 
reagent; Calbiochem, EMD Biosciences, San Diego, CA) was performed as described previously34. Microscopic 
images were acquired with a 100 × 1.4 NA objective lens. GFP fluorescence was captured using the FITC filter 
set, and FM4-64 using the TRITC filter for excitation and the Cy-5 filter for emission; the Quad polychroic was 
used for both channels. Exposure times were the same for the different strains; 0.4 s and 0.05 s for the FITC and 
Cy-5 channels, respectively. Images were collected in a single z-plane. Images, line profiles and landmarks were 
produced in Fiji (https://imagej.net/Fiji) and Igor Pro (Wavemetrics, USA) and images assembled in Inkscape 
(http://www.inkscape.org/). To FACS-sort cells, yeast expressing PF3D7_0629500-GFP were harvested by cen-
trifugation (3,220 g, 3 min) and resuspended in PBS at OD600∼2.0, before gating and sorting with a Beckman 
Coulter MoFlo XDP flow cytometer, equipped with a 488 nm laser. Emitted GFP fluorescence was collected using 
a 529/28 nm band pass filter. FACS-sorted cell subpopulations were diluted in PBS and spread to YPD agar as 
described above.
Preparation of protein extracts and western blotting. Cells were collected by centrifugation, washed 
serially with cold water and lysis buffer (50 mM Tri-HCl, 500 mM NaCl, pH 7.4, supplemented with protease 
inhibitors: 1 mM PMSF, 4 mM benzamidine hydrochloride, 2.5 mM EDTA, pH 8) then disrupted with glass 
beads66. Lysates were treated with 1% Triton X-100 on ice for 30 min and then with cracking buffer (8 M Urea, 5% 
(w/v) SDS, 40 mM Tris-HCl pH 6.8, 0.1 mM EDTA, 0.4 mg/ml bromophenol blue) at 37 °C for 10 min followed 
by incubation at 95 °C for a further 10 min. For western blotting, proteins were separated by electrophoresis on 
10% (w/v) NuPAGE Bis-Tris gels (Life Technologies) before transfer to nitrocellulose membrane (GE Healthcare). 
Protein loading was shown by staining with Ponceau S (Sigma). Immunodetection of GFP tagged proteins was 
with anti-GFP primary antibody (1:1000 dilution; Roche) and poly horseradish peroxidase (poly HRP) conju-
gated goat anti-mouse antibody (1:10000 dilution; Thermo Scientific). GFP tagged proteins were detected with 
an electrochemiluminescence HRP kit (Pierce) and imaged using a Chemidoc XRS (Bio-Rad). Protein band 
intensities were quantified with ImageJ software.
Assays of drug uptake. Quinine uptake was assayed essentially as described previously67, except that 
quinine absorbance at 350 nm31 was measured instead of quinine fluorescence. Briefly, overnight cultures were 
diluted to OD600 0.1 in fresh YPD medium and cultured for a further 4 h with shaking. Quinine was added to 
a final concentration of 4 mM and cells incubated at 30 °C, 120 rev min−1. At intervals, cells were harvested by 
centrifugation (3,220 g, 3 min), washed three times with ice cold water and resuspended in 10% (w/v) perchloric 
acid, 2 M sodium methanesulfonate together with an equal volume of acid-washed glass beads (425–600 µm, 
Sigma). Cells (∼3.7 × 108 in 800 μl) were lysed by 3 × 1-min vortexing with beads interspersed with 1 min incu-
bations on ice, centrifuged at 16,060 g, 5 min, before 20 μl supernatant (corresponding to lysate from ∼1 × 107 
cells) was diluted with 180 μl lysis buffer and A350 measured with an Ultrospec 2000 UV/visible spectrophotom-
eter (Amersham Pharmacia Biotech; Amersham, UK). Values for A350 were normalised against OD600 determi-
nations taken just before cell lysis. (The OD600 determinations provided estimates of the cell concentrations.) 
Chloroquine uptake by cells was estimated using a fluorescently-labelled chloroquine molecule, LynxTag-CQ™ 
Green (BioLynx Technologies), as described previously68. Fluorescence from cellular LynxTag-CQ™ Green was 
measured with a Beckman Coulter FC500 flow cytometer, with excitation at 488 nm. Cell autofluorescence was 
subtracted.
has also been recently noted for its genomic plasticity30 and so the loss of paralogues is not unreasonable. 
The Chs5 protein was found to be present in all fungal genomes sampled except E. cuniculi, a member of the 
microsporidia that is w ll-establis ed to have a reduced cellular configuration and genome complement31,32, 
including the presence of a single AP complex33. Based on the composition of the exomer complex as two 
Chs5 peptides and dimer of any of the four ChAP proteins, we speculate the presence of exomer-related 
pathways in all Fungi. This builds on earlier informatics work noting the presence of exomer subunits10, 
but refutes the idea that any given ChAP protein is the most ancient member of the family. Instead, our data 
is consistent with th  nitial duplication giving rise to the BB8 vs BC8 clade was the definitive event, with 
potential neofunctio alization occurring in the BC8 clade. 
The analysis of sequence data clearly suggests an evolutionary conservation of the exomer machinery 
deep within the Fungi. However, the phenotypes associated to the absence of exomer are difficult to assess 
in fungi other than S. cerevisiae, since the exomer mutants of U. maydis, C. albicans or S. pombe18,34 did 
not show the phenotypes associated to the absence of exomer in S. cerevisiae34, i.e. calcofluor resistance or 
alkali metal cation sensitivity. In or e  to solve this conundrum, we opted for the heterologous expression 
and characterization in S. cerevisiae of the orthologues of Chs5 from differently separated fungal lineages. 
Our results indicate a limited capacity of the N-terminal fragments of Chs5 from different origins for 
their assembly in the cytosol of the yeast cells based on their intracellular localization, their ability to recruit 
the ChAP Chs6 and their capacity to complement some of the exomer functions in the chs5∆ mutant. The 
KlChs5* protein, like the original ScChs5*12,29, seemed to be able to assemble a rather fu ctional exomer 
in S. cerevisiae based on the complemented phenotypes, in clear agreement with th  close evolutionary 
relationship between these two fungi. Apparently, the KlCsh5* fragment can serve as an efficient scaffold 
for the recruitment of the multiple ChAPs present in S.cerevisiae. In contrast, as observed in the co-
localization experiments with Chs6, CaChs5* is less efficient for the recruitment of the ChAPs, being unable 
to complement the calcofluor resistance of the chs5∆ mutant. This result is not surprising, considering that 
the involvement of exomer in hiti  synth sis is a recent volutio ary acquisition within the Sacchar myces 
genus associated to the functional specialization f the Ch 6 ChAP34 . Moreov r, it w ll be fully c incident 
with the neofunctionalization occurring in the BC8 ChAP clade suggested by the bioinformatics analysis. 
However, we have not been able to show a functional conservation for Chs5 outside Saccharomycotina 
since UmChs5* and McChs5* did not assembly at the TGN and have not the ability to recruit Chs6. But, the 
capacity of UmChs5* to complement the lithium sensitivity of the exomer mutant would suggest a conserved 
capability that need to be confirmed with other m thods. 
A common trait for exomer cargoes appears to be the polarized l calization at the plasma membrane17, 
which is maintained by a delicate balance of exo- and endocytosis requiring exomer being in control of TGN 
export. Overall, our data suggest functional homology of exomer proteins across Saccharomycotina, while 
also showing differences consistent with the wide evolutionary distance of the taxa in question that probably 
reflect also the progressive neofunctionalization of ChAPs in the BC8 clade that led to the unique exomer 
specialization as a cargo adaptor in Saccharomyces.
We were further able to identify orthologues of a ChAP protein in a wide-range of eukaryotic organisms. 
However, we were also frequently unable to identify a homologue, even when searching genomic contigs and 
using the closest related organism as a comparison database. It is important to acknowledge the caveats of 
negative data in studies such as these. Failure to identify an orthologue could be due to incomplete genomic 
databases, and/or divergence of the protein sequence beyond detection of the algorithms. For any given 
search, we are conservative n our statement of “not id ntified”, rather than th  protein n t being encoded. 
Nonetheless, i  cases when no orthologues could b  identified in coherent taxonomic blocks, despite our 
use of the most sensitive available sequence homology searching methods, some conclusions can be drawn. 
The presence of a putative ChAP, in the apparent absence of its interacting partner Chs5, raises at least 
two functional possibilities. On the one hand, ChAP could be interacting with an analogous subunit. On 
the other hand, all of the ChAP subunits in yeast are known to bind the Arf GTPase directly10,12. Arf is an 
ancient central component of the vesicle formation machinery35. It is possible that ChAP acted in the LECA 
to mediate Arf function and retains that function in those eukaryotes that possess it today. Regardless of 
how ChAP functions, its presence and expression indicates an additional facet to the trafficking pathways 
of microbial eukaryotes with medical and global health relevance, such as Entamoeba histolytica and 
Trichomonas vaginalis and in protists with ecological importance such as ciliates and green algae. 
This is particularly true of the Fungi. Given the nvironment l imp rtance of Fungi in healthy ecosystems 
and biore diation, the demonstration of an exomer-mediated secr tory pathway gives insight into the 
cellular workings of a major contributor to our biosphere. While it had previously been reported that exomer 
subunits could not be found in the animal and plant genomes available at the time10, our results show this to 
be the case in a much wider sampling of those taxa, and more importantly show the presence of ChAP in their 
respective single celled-relatives, pin-pointing when the losses occurred and thus giving more confidence of 
true absence rather than failure to identify the orthologue. The extension of exomer as a feature of fungal 
cells, and not simply yeast, therefore has intriguing potential implications for new therapeutic avenues of 
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Data availability. No large datasets were generated or analysed during the current study. Other data are 
available from the author on reasonable request.
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intervention for major crop and human pathogens. 
The presence of ChAP orthologues in diverse eukaryotes means that this protein is ancient, likely present 
in the LECA, es im ted at 1.5 billion years ago36. This adds yet one more component to the growing list of 
trafficking factors present in this apparently sophisticated ancestor37. The addition of the Chs5 protein in the 
Fungi then gave rise to what is considered the exomer pathway per se, which was elaborated by the gene 
duplications of the ChAP in the ascomycetes (Fig. 6).  Intriguingly, the appearance of Chs5 in Fungi coincides 
with the time point at which the loss of AP4 is first inferred to have occurred33. Though absent from many 
fungal lineages, subunits of AP4 have been identi-fied in basidiomycete, glomeromycete and chytridiomycete 
lineages, which implies th t AP4 was lost independently at least 8 times across Fungi33. This pattern is 
consistent with a reduced role for the co plex and thus a relaxed selection on its presence.  
AP4 is known to mediate post-TGN trafficking and has been implicated in polarized cargo sorting in 
animal cells38. Recent data suggests that AP4-mediated traffic proceeds via an endosomal intermediate 
before cargo reaches the surface39,40. As exomer is also responsible for post-TGN trafficking, we propose 
that the evolution of an exomer complex introduced redundancy in the secretory pathway that resulted in 
some lineages in the degeneration and loss of AP4. Indeed, since the exomer pathway is more direct than the 
AP4 pathway39, in cases where efficacy of the secretory route was selected, this could have facilitated AP4 
loss. Intriguingly the glom romycete Rhizophagus irregularis possesses both a complete AP4 tetramer and 
the Chs5+ChAP proteins, suggesting that the two pathways can be encoded in the same organismal genome 
concurrently.
At the same time our frequ nt failure to identify a ChAP orthologue, m ans inf rred losses in se ral 
major lineages (Fig. 6). This makes ChAP yet another example of proteins with a ‘Patchy’ distribution, as 
has previously been reported for other vesicle coats (AP5, TSET), GTPases and regulators (ArfGAPC2, 
RabTit n)19. Many of these prot ins, like ChAP, are present in the r st of eukaryotes but lost in animals, 
raising the important question of what additional cell biology exists in eukaryotes that we cannot study or 
detect by work in metazoan model orga isms alone. New emerging model orga isms from across eukaryotic 
diversity are becoming increasingly tractable and are yielding useful data on the cell biology of membrane 
trafficking (41 and references there-in). Making better use of comparative cell biology in a representative 
sampling of eukar-yotes should pr vide tremendous opportunities t  explore the widespread features of the 
membrane trafficking system.
  
Figure 6. Exomer component evolution across the tree of eukaryotes. The gains and losses of exomer components 
are mapped on this cartoon representation of eukaryotic lineages based on presence of at least two positive 
orthologues in a given taxonomic group. The purple circles indicate two instances where a single representative 
taxon p s-sesses the ChAP protein despite multiple other representatives lacking the ge e. In both cases (Toxoplasma 
gondii and Trichomonas vaginalis respectively), the organisms in question are known possess more canonical or 
expanded eukaryotic complements and have retained aspects lost in their relatives54,55. The double blue circle in the 
ascomycetes denotes the duplications giving rise to the expanded ChAPs complement, as detailed in figures 2 and 
3. The Fungi* represents the paraphyletic assembly of Holomycota, with Ascomycota treated separately due to the 
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Methods
Homology Searching.    Homology searches for exomer components were performed using BLAST and 
HMMER homology searching in a representative sampling of eukaryotic organisms with fully sequenced 
genomes. S. cerevisiae sequences for Chs5, and the ChAPs Bch1, Bch2, Bud7, and Chs6 were used as initial 
queries. See Supplementary Table S1 for a complete list of organisms examined and the accession numbers of 
all sequences identified. Initially, BLAST (2.2.29+)42 searches were undertaken, using a bi-directional best hit 
search strategy.  Retrieved proteins were deemed as positive hits, only if they were retri ed by a S. ce ev siae 
query and also retrieved the S. cerevisiae sequence when used as a BLAST query. An E-value cutoff of 10-40 
was applied for Chs5 BLAST searches, in order to reduce false-positives. An inclusive E-value of 0.05 was 
applied t  searches for the ChAP proteins.  I  a dition, BLAST hits were required to retrieve the S. cerevisiae 
query with an e-value at least two orders of magnitude lower than the next best non-redundant hit. BLAST 
hits that met these se rch criteria were further evaluated using multiple sequence alignment, and searches in 
the Pfam database43, in order to confirm similarity of their domain structure to the query proteins. Several 
positive BLAST hits for the ChAP proteins were found to lack ChAPs domains using these approaches, and 
these sequences were eliminated from the dataset. Searches were also undertaken using HMMER (3.1b1)44. 
Positive hits from the initial BLAST analysis were aligned using MUSCLE45, and used to construct Hidden 
Markov Models (HMMs). Additional homologues identified using HMMER, were added to the HMMs for 
subsequent HMMER searches, ntil no more homologues were identified. In order t  validate hits retrieved 
by HMMER, reverse BLAST searches were performed for each hit into the S. cerevisiae genome. HMMER 
hits were c nsider d posit v  if the original S. c evisiae query (or ano her ChAP homologue) was retr eved 
as the top hit in these BLAST searches. For candidate proteins that were pre-duplicates to the specific 
ChAP paralogues, retrieval of any ChAP query was the criteria, and then relationships were determined by 
phylogenetic analysis. To reduce the risk of false negativ s due to divergence between candidate rthol gues 
and S. cerevisiae, we performed the reverse BLAST analysis for all candidate orthologues, but into 
organismal databases of diverse taxa from which positive orthologues had been identified in initial rounds 
of homology searching. If a candidate protein retrieved the identified orthologue in that organism as the top 
hit using the above criteria, it was also deemed a homologue. Organismal genomes used as reverse BLAST 
databases included, Dictyostelium disco deum, Dictyostelium fasciculatum, Bigelowiella natans, Salpingoeca 
rosetta, Tetrahymena thermophila, Chlamydomonas reinhardtii, Micromonas pusilla, Guillardia theta, and 
Trichomonas vaginalis. To assess origins of the exomer components, HMMER search results for ChAPs and 
Chs5 were parsed for more distant homology to non-exomer components. The top non-orthologous retrieved 
protein, non-ChAP protein in the case of all ChAP components, was tallied for all searches and expressed as 
a percentage.  HMM-HMM searching was done to look for homology between exomer components and other 
protein families. The HHpred server: https://toolkit.tuebingen.mpg.de/hhpred was used with the following 
settings: Maximum of zero multiple sequence alignment generation steps (use just the input alignment), and 
search in all the alignment databases. The organisms for which comparisons were made were: Arabidopsis 
thaliana, Caenorhabditis elegans, Drosophila melanogaster, Homo sapiens, Mus musculus, Plasmodium 
falciparum, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Ustilago maydis. 
Phylogenetics.    Orthologues for ChAP proteins were aligned using MUSCLE v.3.8.3145. Alignments 
were visualized using Mesquite v.2.7546, adjusted by eye, and only regions of un-ambiguous homology were 
retained for phylogenetic analysis. All alignments are available upon request. An initial alignment of Fungal 
Ch P homologues of 30 taxa and 542 amino acid positions was analyzed (data not shown). A second data 
matrix, of 54 taxa and 395 AA p sitions, w th several additional Saccharomyces species added and the R. 
allomyces sequence removed (due to its presenting a rapidly diverging sequence in the initial phylogeny) 
was analyzed. Bayesian phylogenetic analyses were performed using MrBayes v3.2.647 with the following 
parameters; prset aamodelpr = mixed; mcmcngen = 10,000,000; printfreq= 10000; samplefreq = 1000; 
nchains = 4.  Maximum likelihood analyses were performed, using RAxML version 8.2.948 with the Protein 
GAMMA mod-el for rate heterogeneity and the LG4X substitution matrix, obtain the optimal ML topology 
and bootstrap support values. 100 bootstrap pseudo-replicates were used for each analysis. Bootstrap values 
≥ 50 were considered significant. Analyses were run on the CIPRES server49 and the resulting trees were 
visualiz d using FigTree v1.4.0.
Calculation of Percent Identities between Fungal ChAP sets.    For all pairwise calculations, 
distance matrices were calculated using FastME V2.0 (50) from an untrimmed alignment (52 taxa and 
1354 position). The percent ID for each pair of sequences between the two datasets being compared was 
calculated using a conversion of (1- (uncorrected p-distance) *100). The average percent identity for 
comparisons between two taxon sets was calculated using the Average function in Excel and the error was 
calculated using the STDEV function. Note that due to potential that the C. glabrata sequences are in fact 
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preduplicates and phylogenetically misplaced or the alternate hypotheses that they are paralogues that 
have not neofunctionalized, llowing for the loss of the additional pa alogu , these were treated within the 
preduplicate clades nd not th  Saccharomyces-specific ChAP clades of Bch1, Bch2, Chs6 and Bud7. 
Characterization of heterologous proteins.    N-terminal fragments of Chs5 from different origins 
(Supplementary Fig. S1) were amplified using PCR and synthetic hybrid nucleotides that directed both 
amplification and recombination with the appropriated regions of the GAL1 promoter and the GFP in the 
plasmid pRS426::pGAL1-CaCHS7-GFP50. The S. cerevisiae (ScChs5*), K. lactis (KlChs5*), C. albicans 
(CaChs5*) and U. maydis (UmChs5*) fragments were amplified directly from the corresponding genomic 
DNA, but the M. circinelloides McChs5* fragment was amplified from a cDNA gene bank kindly provided 
by E Iturriaga owing to the presence of ntrons in this region. Amplified fragments with the right size were 
later co-transformed into S. cerevisiae with plasmid pRS426::pGAL1-CaCHS7-GFP linearized with EcoRI 
and uracyl prototrophs colonies were selected. Plasmid DNA from several of these colonies was recovered 
in E. coli, characterized by endonuclease restriction and those showing the appropriated structure were later 
confirmed by direct sequencing. These plasmids were later transformed in the appropriated strains of S. 
cerevisiae for further experiments. Protein localization was assessed by fluorescence microscopy using an 
Olympus Spining Disk system. Cells were grown O/N in SD-Ura raffinose medium and protein expression 
was later induced for different times by adding galactose up to 2%. Functionality of the heterologous 
expressed proteins was assessed in a S. cerevisiae chs5∆ mut nt based on the chs5∆ phenotypes previously 
described17.
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En	 este	 capítulo,	 a	 diferencia	 de	 los	 dos	 anteriores,	 se	 expondrán	 resultados	 no	 publicados	
obtenidos	en	el	desarrollo	de	la	tesis,	todos	ellos	concernientes	a	la	posible	implicación	del	exómero	
en	 la	 función	nutricional	 celular.	Asimismo,	para	 simplificar	 la	memoria,	no	existirá	un	apartado	
exclusivo	de	materiales	 y	métodos	 sino	que	 aquellos	 elementos	usados	 exclusivamente	 en	 este	





















2. El mutante del exómero chs5∆  es hipersensible al catión amonio
Al	inicio	de	esta	tesis	y	como	un	fenotipo	más	del	exómero,	se	decidió	explorar	la	hipersensibilidad	
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Ena1	(Anton	et	al.,	2017),	es	posible	que	el	origen	de	la	hipersensibilidad	al	amonio	sea	el	mismo.	
Sin	 embargo,	 como	 se	 describió,	 la	 sobreexpresión	 de	 dicho	 canal	 en	 el	mutante	 no	 corrige	 la	
sensibilidad	al	amonio.		Y	además,	la	pequeña	sensibilidad	al	amonio	que	presenta	el	mutante	de	
los canales Ena (ena1-4∆)	se	corrige	con	la	adición	de	cloruro	potásico	al	medio,	no	así	para	el	caso	
del	mutante	del	exómero	(Figura C3.1A).	Del	resto	de	canales	analizados,	solo	la	sobreexpresión	de	
Qdr2	revertía	la	sensibilidad	al	amonio	del	mutante	del	exómero.	Pero	este	efecto,	probablemente	




























menor	del	complejo	AP-1	 (aps1∆).	Como	se	puede	ver	en	 la	Figura C3.1C,	de	 forma	similar	a	 lo	
que	ocurre	para	 el	 fenotipo	de	 resistencia	 a	 calcoflúor,	 cuando	 además	de	 eliminar	 el	 exómero	
eliminamos	el	complejo	AP-1	(chs5∆ aps1∆),	la	sensibilidad	al	amonio	se	revierte.	Así,	a	diferencia	








3. La sensibilidad de los mutantes del exómero al amonio está ligada al 
metabolismo del triptófano






en el gen TRP1,	gen	que	codifica	para	la	fosforribosil	antranilato	isomerasa;	enzima	que	cataliza	el	
tercer	paso	para	la	síntesis	de	triptófano.	De	este	modo,	el	mutante	chs5∆	y	el	mutante	doble	bch1∆ 
bud7∆ generados	en	los	fondos	genéticos	con	dicha	mutación,	como	son	W303	o	YPH499,	presentan	
sensibilidad	al	 amonio	 (Figura C3.2A) (Trautwein	et	 al.,	 2006),	no	así	 los	mutantes	del	 exómero	
generados	en	fondos	genéticos	protótrofos	para	el	triptófano,	como	X2180	o	BY4741	(Figura C3.2A) 
(información	 acerca	 de	 los	 fondos	 genéticos	 en	 el	 pie	 de	Figura C3.2).	 Para	 confirmar	 que	 esta	
sensibilidad	 se	 debía	 a	 la	 incapacidad	 de	 sintetizar	 triptófano	 y	 no	 a	 otro	 factor	 indeterminado	
presente	 en	 los	 fondos	 genéticos	 W303	 o	 YPH499,	 decidimos	 complementar	 la	 auxotrofía	 del	
triptófano	en	el	fondo	genético	W303	con	un	plásmido	centromérico	que	expresa	el	gen	TRP1	bajo	
su	propio	promotor.	Como	se	observa,	la	complementación	del	gen	TRP1,	y	no	la	de	otros	genes	
metabólicos	que	también	presenta	inactivados	este	fondo	genético	(HIS1, LEU2 o URA3),	hace	al	
mutante chs5∆	 insensible	 al	 amonio	 (Figura C3.2B).	 Además,	 la	 adición	 de	 triptófano	 al	medio	
también	revierte	 la	sensibilidad	al	amonio	que	presentaba	el	mutante	chs5∆ (Figura C3.2B). Por 
lo	 tanto,	 la	hipersensibilidad	al	amonio	de	 los	mutantes	del	exómero	estaría	 relacionada	con	un	
problema	en	el	metabolismo	del	triptófano.	








del	mutante	cuando	la	concentración	de	triptófano	es	igual	o	inferior	a	0.001%	(Figura C3.2C). En 
Figura C3.2. Conexión entre la sensibilidad al amonio y el metabolismo del triptófano. Fondos	genéticos	
utilizados:	W303-1A: MATa, leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15. BY4741: MATa, his3Δ1 






indicados	fueron	expresados	bajo	el	control	de	su	propio	promotor	en	plásmidos	centroméricos	(Tabla 2). El 
crecimiento	previo	a	la	deposición	de	las	gotas	se	realizó	en	medio	SDc	menos	el	correspondiente	aminoácido	












a	 lo	 visto	 en	 los	 mutantes	 del	 exómero,	 esta	 se	 describió	 como	 una	 sensibilidad	 virtualmente	
común	 a	 las	 cepas	 silvestres	 de	 todos	 los	 fondos	 genéticos	 de	 S. cerevisiae	 y,	 además,	 parecía	
tener	 lugar	exclusivamente	en	medios	con	baja	concentración	de	potasio	(Hess	et	al.,	2006).	Los	
medios	 comúnmente	 usados	 para	 el	 cultivo	 de	 S. cerevisiae	 (YEPD	o	 SD,	 este	 último	 a	 base	 de	
YNb)	presentan	unos	niveles	de	potasio	muy	superiores	a	los	medios	en	los	que	suelen	encontrarse	
las	 cepas	 silvestres	 del	 género	 Saccharomyces	 en	 la	 naturaleza.	 Así,	 para	 poder	 analizar	mejor	
esta	toxicidad	del	amonio	decidimos	usar	un	medio	con	una	concentración	de	potasio	y	amonio	
reducida.	El	medio	 ‘Translucent	K+	 free	medium’	presenta	una	concentración	de	potasio	 inferior	
a	1	mM	y	de	18,5	mM	de	amonio.	Al	 igual	que	en	un	medio	sintético	definido	común	completo	
(SDc),	se	añadieron	los	suplementos	de	aa’	necesarios	para	suplir	las	auxotrofías	del	fondo	genético	
W303.	Modificando	 los	niveles	de	amonio,	potasio	y	 triptófano,	 se	puede	observar	 lo	 siguiente:	
Primero,	el	fondo	genético	W303	es	hipersensible	al	amonio,	probablemente	porque	el	exceso	de	
amonio	intracelular	y/o	la	respuesta	para	reducir	sus	niveles	alteren	la	toma	de	aa’,	imprescindible	
para	 las	cepas	W303,	no	así	para	 la	cepa	X2180	que	es	capaz	de	sintetizar	todos	 los	aa’	a	partir	
del	amonio.	Segundo,	como	vimos	anteriormente,	 los	mutantes	del	exómero	del	 fondo	genético	
W303	son	claramente	hipersensibles	al	amonio	con	respecto	a	la	cepa	silvestre,	por	el	contrario,	






Estos	 datos	 relativos	 a	 la	 sensibilidad	 al	 amonio	 de	 los	mutantes	 del	 exómero	 señalaban	 un	
problema	en	el	 transporte	y/o	almacenamiento	de	triptófano,	y	probablemente	de	otros	aa’,	en	
estas	 cepas.	 Sin	 embargo,	 en	 condiciones	 de	 laboratorio,	 este	 problema	 en	 el	metabolismo	del	
triptófano	parece	ser	relevante	solo	en	aquellas	cepas	incapaces	de	sintetizar	el	triptófano,	lo	que	
no	 eximiría	 para	 que	 en	 determinadas	 condiciones,	 aún	 no	 identificadas,	 todas	 las	 cepas	 de	 S. 
cerevisiae	carentes	del	exómero	tengan	una	competitividad	reducida	fruto	de	un	problema	en	el	
transporte	y/o	almacenamiento	de	aa’.
4. El exómero participa en el metabolismo de aminoácidos
Una	 vez	 ha	 quedado	 patente	 la	 implicación	 del	 exómero	 en	 el	 metabolismo	 del	 triptófano,	























Aunque	no	podemos	 rechazar	 que	 la	 ausencia	 del	 exómero	 tenga	un	 efecto	 en	 la	 expresión	
génica,	pensamos	que	la	explicación	más	lógica	para	estos	resultados	sería	la	implicación	de	este	
complejo	en	 la	 localización	y	correcta	 función	de	algún	complejo	proteico	capaz	de	orquestar	 la	
Figura C3.3. El exómero en el metabolismo general de aminoácidos.	Los	ensayos	de	gota	(A	y	B)	se	realizaron	
con	cepas	X2180-1A,	del	mismo	modo	que	en	la	figura C3.1,	y	depositados	en	medio	YNb	sin	aa’	(Dextrosa	2%,	
YNb	sin	aminoácidos	Difco	0,7%)	suplementados	con	el	aa	o	análogo	tóxico	indicado.	Sulfomet.,	sulfometurón	








and	 Daignan-Fornier,	 2012).	 Así,	 comparamos	 los	 perfiles	 de	 sensibilidad	 del	 mutante	 chs5∆	 y	














5. Papel del exómero en el tráfico intracelular de las permeasas de aminoácidos.
Una	vez	descartado	un	problema	de	 transporte	del	 sensor	SPS	como	origen	de	 los	 fenotipos	






regulada	 bajo	 el	 control	 del	 promotor	 PGAL1	 en	 un	medio	 definido	 con	 prolina,	 una	 fuente	 de	
nitrógeno	no	preferente,	evitando	así	la	degradación	de	Gap1	que	induce	la	NCR	en	presencia	de	
una	 fuente	preferente	como	el	amonio.	 La	expresión	de	Gap1-GFP	se	 indujo	en	galactosa	al	2%	
y	la	represión	se	obtuvo	añadiendo	glucosa	al	2%	(Merhi	and	Andre,	2012).	La	expresión	de	Tat2	









Por el contrario, Tat2-GFP	se	localiza	normalmente	en	la	MP	en	ambas	cepas	tanto	en	SDc	como	
en	YEPD.	Sin	embargo,	 la	 localización	vacuolar	de	Tat2-GFP	en	el	mutante	está	 reducida (Figura 
C3.4B) y	 los	niveles	totales	de	 la	proteína	son	más	altos	en	 los	análisis	de	 ‘western	blot’	(Figura 
C3.4C),	por	lo	que	parecería	claro	que	el	tráfico	de	Tat2-GFP	hacia	la	vacuola	está	significativamente	
reducido	en	el	mutante	chs5∆.	Este	incremento	en	los	niveles	de	Tat2	iría	en	principio	en	contra	
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de	un	deficiencia	 en	 la	 toma	de	 triptófano.	 Sin	 embargo,	 no	podemos	excluir	 de	 la	 ecuación	 la	
enorme	 complejidad	 de	 la	 regulación	 metabólica	 por	 nitrógeno	 que	 podría	 estar	 afectando	 al	
comportamiento	de	Tat2	en	la	MP	o	afectar	a	la	toma	de	triptófano	a	través	de	otras	permeasas	de	
menor	especificidad	para	este	aminoácido.	En	este	sentido,	S.cerevisiae	presenta	otras	permeasas	
Figura C3.4. Localización de las permeasas del triptófano en el mutante chs5∆. A) Localización	de	Gap1-
GFP	expresado	en	un	plásmido	bajo	el	control	del	promotor	PGAL1	(YCp-PGAL1-GAP1-GFP-URA3).	Se	llevó	
a	 cabo	en	un	medio	 a	 base	de	prolina	 y	 rafinosa	 como	 fuentes	 de	nitrógeno	 y	 carbono	 respectivamente	
(YNb	sin	sulfato	amónico	y	sin	aa’	1,9	g/L,	prolina	10	mM,	rafinosa	2	%,	CMS	-	uracilo,	pH	6,2).	Al	cultivo	en	
fase	exponencial,	se	le	añadió	la	galactosa	al	2	%	y	a	las	2	horas	se	tomaron	las	imágenes.	Se	cuantificó	el	













Nuestro	 siguiente	 paso	 fue	 por	 lo	 tanto	 analizar	 la	 localización	 de	 las	 permeasas	 Bap2	 y	
Bap3	 (Figura C3.4D).	La	expresión	de	Bap2	y	Bap3	es	dependiente	de	 los	aa’	que	transportan,	y	
fundamentalmente	responde	a	los	niveles	de	L-leucina	(De	Boer	et	al.,	1998).		En	altos	niveles	de	
leucina	(200	mg/L)	Bap3	se	encuentra	localizada	en	la	MP	en	ambas	cepas.	Sin	embargo,	los	niveles	
de	 la	proteína	en	 la	MP	del	mutante	 son	 claramente	 inferiores,	 lo	que	 se	 corresponde	 también	










Los	 resultados	 descritos	 demuestran	 por	 tanto	 que	 los	 mutantes	 del	 exómero	 presentan	
alteraciones	en	la	localización	y	niveles	de	varias	permeasas	de	aa’.	Esto	podría	explicarse	por	un	
efecto	más	o	menos	directo	del	 exómero,	 en	 la	permeasa	o	en	algún	elemento	de	 las	 rutas	de	
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Figura C3.5. Degradación de las permeasas Tat2 y Mup1. A)	 Localización	 de	 Tat2-GFP	 (copia	 endógena	























Teniendo	 en	 cuenta	 estos	 resultados,	 debemos	 concluir	 que	 el	 mutante	 del	 exómero	 tiene	
alterado	 el	 transporte	 de	 varias	 permeasas	 a	 distintos	 niveles.	 Así,	 no	 solo	 estaría	 alterado	 el	
transporte	hacia	la	MP,	como	hemos	visto	con	Gap1,	sino	que	también	está	alterado	el	transporte	a	
través	de	la	ruta	endosomal,	como	queda	patente	en	las	permeasas	Tat2	y	Mup1.	Estas	permeasas	






6. El exómero y la sensibilidad a rapamicina.
En	un	contexto	general	de	defectos	en	el	metabolismo	del	nitrógeno	asociados	a	 la	 falta	del	
exómero,	 no	 podemos	 olvidar	 la	 sensibilidad	 de	 estos	 mutantes	 a	 la	 rapamicina,	 sensibilidad	
que	parece	 estar	 conservada	 a	 distintos	 niveles	 a	 lo	 largo	de	 la	 escala	 evolutiva	 fúngica	 (Anton	
et	al.,	2018).	Esta	sensibilidad	es	típicamente	asociada	a	defectos	en	la	ruta	TORC1,	ruta	que	está	
directamente	 relacionada	 con	 el	metabolismo	 del	 nitrógeno,	 regulando	 la	 síntesis,	 activación	 y	
degradación	de	permeasas	a	través	de	reguladores	como	PP2A	y	Npr1.
Para	analizar	una	posible	relación	entre	el	exómero	y	la	ruta	TORC1	primero	confirmamos	que	








que	 la	 activación	 de	 la	 ruta	 TOC1	 en	 presencia	 de	 nitrógeno	 ocurre	 normalmente	 en	 ausencia	
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Figura C3.6. El exómero y la función de 
TORC1. A)	 Sensibilidad	 a	 la	 rapamicina	 del	
mutante	 del	 exómero	 chs5∆	 en	 diferentes	
fondos	 genéticos.	 La	 preparación	 se	 realizó	
del	mismo	modo	que	en	 la	figura	C3.1	y	 se	
inocularon	las	gotas	en	un	medio	YEPD	con/
sin	 rapamicina	 (Santa	 Cruz	 Biotechnology).	
B)	 Análisis	 ‘western	blot’	 de	 la	 fosforilación	
de	 Rps6	 con	 el	 anticuerpo	 ‘Phospho-(Ser/
Thr)	 Akt	 Substrate	 Antibody’	 (tabla 3). Se 
usaron	 cepas	del	 fondo	 genético	X2180-1A.	
Se	crecieron	en	un	medio	sintético	definido	
completo	 (SDc),	 luego	 se	hizo	un	pase	a	un	
medio	 sin	 fuente	 de	 nitrógeno	 durante	 1	
hora	 (YNb	 sin	 sulfato	 amónico	 y	 sin	 aa’	 1,9	
g/L,	 dextrosa	 al	 2%),	 y	 a	 continuación	 se	
añadió	 glutamina	 (concentración	 final	 500	
mg/L)	 y	 se	 recogieron	muestras	 a	 los	 5,	 10	
y	 30	 minutos.	 Los	 experimentos	 tienen	 un	
número	de	réplica	≥	3.
la	alteración	del	transporte	de	las	permeasas.	Un	fallo	en	el	transporte	de	estas	proteínas	puede	







Tabla 1. Cepas (capítulo 3).
Cepa  Genotipo      Origen / Referencia
CRM67	 	 W303,	mat	a,	
  (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15)	 	 Colección	del	lab.
CRM2268	 W303,	mat	a,	chs5Δ::natMx4	 	 	 	 	 Colección	del	lab.
CRM2775	 W303,	mat	a,	bch1∆::kanMx4	 	 	 	 											(Anton	et	al.,	2017)
CRM2778	 W303,	mat	a,	bud7∆::natMx4    											(Anton	et	al.,	2017)
CRM3068	 W303,	mat	a, chs6∆::kanMx4    											(Anton	et	al.,	2017)
CRM3083	 W303,	mat	a,	bch2∆::natMx4    											(Anton	et	al.,	2017)
CRM3066	 W303,	mat	a,	bch1∆::kanMx4 bud7∆::natMx4  											(Anton	et	al.,	2017)
CRM3081	 W303,	mat	a,	chs6∆::kanMx4 bch2∆::natMx4  											(Anton	et	al.,	2017) 
CRM2688		 W303,	mat	a,	trk1Δ::LEU2 trk2Δ::HIS3	 	 	 									(Madrid	et	al.,	1998)
CRM2689		 W303,	mat	a,	ena1-4Δ::HIS3		 	 	 	 									(Yenush	et	al.,	2005)
CRM3155	 W303,	mat	a,	aps1Δ::kanMx4     Colección	del	lab.
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CRM3157	 W303,	mat	a,	chs5Δ::natMx4  aps1Δ::kanMx4   Colección	del	lab.
CRM808	 BY4741,	mat	a	(his3Δ1, leu2Δ0, met15Δ0, ura3Δ0)	 	 									EUROSCARF
CRM1435	 BY4741,	mat	a,	chs3Δ::natMx4 	 	 	 	 	 Colección	del	lab.	
CRM2453	 BY4741,	mat	a,	chs3Δ::natMx4 chs5Δ::hphNT1					 	 Colección	del	lab.
CRM2761	 X2180-1A,	mat	a	(SUC2 mal mel gal2 CUP1)	 							 						Lab.	Francisco	del	Rey
CRM2763	 X2180-1A,	mat	a,	chs5Δ::kanMx4             Este	trabajo
CRM2783	 X2180-1A,	mat	a,	ssy1Δ::natMx4              Este	trabajo
CRM3010	 X2180-1A,	mat	a,	ssy1Δ::natMx4 chs5Δ:: kanMx4		 	 									Este	trabajo
CRM2894	 W303,	mat	a,TAT2-GFP::hphNT1	clon1			 	 	 	 									Este	trabajo
CRM2895	 W303,	mat	a,TAT2-GFP::hphNT1	clon2		 	 	 	 									Este	trabajo
CRM2902	 W303,	mat	a,	chs5Δ::natMx4  TAT2-GFP::hphNT1	clon1									 									Este	trabajo
CRM2903	 W303,	mat	a,	chs5Δ::natMx4  TAT2-GFP::hphNT1	clon2									 									Este	trabajo
	CRM3034	 W303,	mat	a,	BAP2-GFP::hphNT1								 	 	 	 									Este	trabajo
CRM3687	 W303,	mat	a, BAP2-GFP:: hphNT1  chs5Δ:: kanMx4           Este	trabajo
CRM3030	 W303,	mat	a,	BAP3-GFP::hphNT1								 	 	 	 									Este	trabajo
CRM3685	 W303,	mat	a,	BAP3-GFP::hphNT1 chs5Δ:: kanMx4           Este	trabajo
CRM3026	 W303,	mat	a, chs5Δ::natMx4  BAP3-GFP::hphNT1								 	 									Este	trabajo
CRM3531	 W303,	mat	a,	MUP1-GFP::KanMx4								 	 	 	 									Este	trabajo
CRM3540	 W303,	mat	a,	MUP1-GFP::KanMx4  chs5Δ::natMx4		 	 									Este	trabajo
CRM2868	 W303,	mat	a,	PGAL1-GFP-SSY1::KanMx46	 	 	 									Este	trabajo
CRM2871	 W303,	mat	a, chs5Δ::natMx4  PGAL1-GFP-SSY1::KanMx4											 									Este	trabajo
Tabla 2. Plásmidos (capítulo 3).
Cepa  Genotipo      Origen / Referencia
CRM160	 pRS313	(HIS3)	 	 	 	 	 	 	 Colección	del	lab.
CRM161		 pRS314	(TRP1)	 	 	 	 	 	 	 Colección	del	lab.
CRM264		 pRS315	(LEU2)	 	 	 	 	 	 	 Colección	del	lab.
CRM265		 pRS316	(URA3)	 	 	 	 	 	 	 Colección	del	lab.
CRM2546					 pAG25	(natMx4)	 	 	 	 				(Goldstein	and	McCusker,	1999)
CRM1188					 pUG6	(kanMx4)		 	 	 	 				(Goldstein	and	McCusker,	1999)
CRM1451				 pFA6a-hphNT1         (Goldstein	and	McCusker,	1999)
CRM2827   pFA6a-kanMx6-PGAL1-GFP           (Longtine	et	al.,	1998)
CRM1995					 pFA6a-GFP-hphNT1                           (Sato	et	al.,	2005)
CRM1811					 pFA6a-GFP-natMx4                                 (Sato	et	al.,	2005)
CRM1994	 pFA6a-GFP-kanMx4      (Sato	et	al.,	2005)
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CRM1356					 YCp-PGAL1-GAP1-GFP-URA3 												 	 												(Kota	and	Ljungdahl,	2005)
Tabla 3. Extracción y detección de proteínas (capítulo 3).
Proteína         Método de extracción     Desnaturalización   Anticuerpo
Tat2-GFP										TCA	(Anton	et	al.,	2017)	 			30	min	a	37ºC		 anti-GFP JL-8 monoclonal
	 	 	 	 	 	 	 	 antibody	(Living	colors;	Clontech)	
Bap3-GFP									TCA	 	 	 			30	min	a	37ºC		 anti-GFP JL-8 monoclonal
	 	 	 	 	 	 	 	 antibody	(Living	colors;	Clontech)
Mup1-GFP								TCA	 	 	 			30	min	a	37ºC		 anti-GFP JL-8 monoclonal
	 	 	 	 	 	 	 	 antibody	(Living	colors;	Clontech)
Rps6-P	 													TCA	 	 	 			5	min	a	95ºC	 	 Phospho-(Ser/Thr)	Akt	Substrate		
	 	 	 	 	 	 	 	 Antibody	#9611s	(Cell	SignalingTech)		
	 	 	 	 	 	 	 	 rabbit,	cedido	por	Sergio	Moreno.	[BSA		
	 	 	 	 	 	 	 	 5%,	1:1000,	O/N]
Tubulina											TCA	 	 	 			Ambos	 	 anti-Tubulin	(T5162;	Sigma)	
Macro 1: MacroContajeColonia.ijm 
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1. EL EXÓMERO: UN COMPLEJO PROTEICO ASOCIADO A LAS MEMBRANAS 
DEL COMPARTIMENTO TGN/EE
El	exómero	es	un	complejo	proteico	que	se	localiza	en	las	membranas	del	compartimento	red	




Pocos	 años	 atrás,	 se	 asumía	 la	 existencia	 de	 un	 orgánulo	 que	 mediaba	 directamente	 la	
función	de	exocitosis	hacia	la	membrana	plasmática	(MP),	el	TGN.	Además,	existía	la	concepción	





las	 enviase	 a	 la	MP	 (MacDonald	 and	 Piper,	 2016).	 Sin	 embargo,	múltiples	 evidencias	 indicaban	





estructura	 extremadamente	dinámica,	 donde	 las	 proteínas,	 llegando	desde	múltiples	orgánulos,	
serían	segregadas	en	diferentes	dominios	gracias	a	 la	acción	de	los	complejos	adaptadores,	para	
después	 ser	 transportadas	 a	 la	MP,	 Golgi	 o	 PVC.	 Esta	 región	 TGN	 o	 TGN/EE,	 desempeñaría	 las	








polarizado	 de	 varias	 proteínas	 transmembrana	 desde	 TGN/EE	 hasta	 la	MP.	 Además,	 los	 últimos	
resultados	evidencian	funciones	del	exómero	en	la	segregación	de	proteínas	con	destinos	diferentes	






2. FUNCIONES DESCRITAS PARA EL EXÓMERO






está	 altamente	 regulado,	 siendo	 dependiente	 de	múltiples	 proteínas	 específicas,	 incluidas	 Chs5	
y	Chs6	(Roncero,	2002;	Roncero	et	al.,	2016;	Sacristan	et	al.,	2013;	Valdivieso	et	al.,	1991).	Poco	












































Posteriormente,	muchas	 de	 estas	 proteínas	 concentradas	 serán	 enviadas	 a	 otro	 compartimento	









mamíferos	 (Bonifacino,	 2014).	 En	 este	 sentido,	 aun	 siendo	 resultados	 preliminares,	 estudios	 de	
interacción	 in vivo	usando	la	técnica	BIFC	(Bimolecular Fluorescence Complementation	(Miller	et	
al.,	2015))	han	identificado	una	relación	física	entre	el	exómero	y	AP-1	(resultados	no	publicados,	C.	
Antón	y	C.	Roncero).




descrito	hasta	 la	 fecha	y	altamente	conservado	fuera	del	género	Saccharomyces,	dos	de	 los	tres	




(Ramirez-Macias	et	al.,	 in press;	Roncero	et	al.,	2016).	Por	otro	 lado,	 las	regiones	citosólicas	por	
donde	Chs3	interacciona	con	AP-1	y	exómero	presentan	baja	conservación	en	sus	homólogos	fuera	
del	género	Saccharomyces	(Anton	et	al.,	2018).
Teniendo	 en	 cuenta	 la	 baja	 conservación	 de	 las	 secuencias	 de	 los	 elementos	 que	 median	
las	 interacciones	 de	 los	 cargos	 del	 exómero	 en	S. cerevisiae,	 analizamos	 las	 interacciones	 entre	









A	 pesar	 de	 estos	 resultados	 que	 hacían	 replantearse	 la	 función	 conservada	 del	 exómero,	 se	
observó		que	aunque	el	homólogo	de	Chs3	en	C. albicans es	capaz	de	llegar	a	la	MP	en	ausencia	
del	 exómero,	 su	 localización	presenta	 un	 patrón	 significativamente	 alterado.	Además,	mediante	
experimentos	con	proteínas	Chs3	híbridas	se	demostró	una	pobre	conservación	de	las	interacciones	
implicadas	en	el	transporte	de	Chs3	hasta	la	MP.	Por	lo	tanto,	estos	datos	apuntan	a	que	parte	de	











2.2. Asistencia al transporte de otros cargos polarizados
Parece	 claro	 que	 los	 cargos	 bona fide	 no	 serían	 el	 ejemplo	 más	 fidedigno	 de	 la	 función	
conservada	del	exómero.	Sin	embargo,	se	han	descrito	otras	proteínas	cuyo	transporte	hacia	la	MP	
tiene	cierta	dependencia	por	el	exómero.	Por	ejemplo,	las	proteínas	homólogas	a	los	cargos	bona 
fide en C. albicans,	Chs3	y	Flc2,	tienen	alterada	su	llegada	a	la	MP	en	los	mutantes	del	exómero,	





































2.3. Otras funciones del exómero en el compartimento TGN/EE











Por	 lo	 tanto,	 la	correcta	disposición	de	estas	estructuras	depende	del	complejo	del	exómero.	La	






Además	del	 sensor	de	 la	 ruta	RIM101,	 varias	 evidencias	 señalan	 al	 exómero	 como	 complejo	









proteína	en	 la	MP	de	 la	 cepa	chs5∆.	Además,	 el	 tráfico	de	 las	permeasas	Tat2	 y	Mup1	hacia	 la	
vacuola	está	alterado	en	el	mutante	del	exómero.	
Aunque	 alguna	 de	 estas	 alteraciones	 pudiera	 ser	 debida	 a	 efectos	 indirectos,	 el	 continuo	









Fromme,	2014;	Richardson	and	 Fromme,	2013).	 También,	 en	 relación	 a	 esta	 función,	 el	 análisis	
in vivo	de	las	regiones	recubiertas	por	Sec7,	marcador	de	TGN/EE,	 	ha	revelado	una	disminución	
en	 el	 número	 de	 eventos	 de	 fusión	 y	 escisión	 de	 estas	 estructuras	 en	 el	mutante	 del	 exómero	
(resultados	no	publicados,	C.	Antón	y	C.	Roncero).	Por	lo	tanto,	el	exómero,	ya	sea	de	forma	directa	
participando	 activamente	 en	 el	 transporte	 de	 múltiples	 proteínas	 transmembrana	 o	 de	 forma	
indirecta	 estructurando	 el	 TGN/EE,	 tiene	 implicaciones	 en	 la	 correcta	 localización	 de	 proteínas	
transmembrana	en	múltiples	compartimentos.
3. EL EXÓMERO Y LA RESPUESTA AL ESTRÉS












































4. EL EXÓMERO, UN COMPLEJO PROTEICO EVOLUTIVAMENTE CONSERVADO 
QUE HA SUFRIDO NEOFUNCIONALIZACIÓN
Una	característica	que	define	a	los	eucariotas	es	la	sub-compartimentalización	de	los	procesos	
biológicos.	Entre	estos	compartimentos	se	ha	establecido	una	compleja	maquinaria	que	se	conoce	
como	 el	 sistema	 de	 tráfico	membranoso.	 Este	 sistema	 ha	 permitido	 incrementar	 el	 número	 de	










transporte	entre	 los	diferentes	orgánulos	 (Schlacht	et	al.,	2014).	Muchas	de	estas	proteínas	 son	
parálogos	entre	sí,	y	conforman	grandes	familias.	Cada	parálogo	lleva	a	cabo	una	función	similar,	
pero	dicha	función	la	desarrolla	en	otras	rutas	u	orgánulos	diferentes	(Bonifacino	and	Glick,	2004).	





no	 endosimbióntico	 es	 la	hipótesis de los parálogos en los orgánulos	 (Dacks	 and	 Field,	 2007).	
Esta	hipótesis	sugiere	que	la	duplicación	de	genes	parálogos	y	una	posterior	neofuncionalización	
de	 los	mismos	 (adquisición	 de	 nuevas	 funciones)	 es	 un	mecanismo	mucho	más	 flexible	 para	 la	
diversificación	de	los	orgánulos	que,	o	bien	definir	un	nuevo	orgánulo	con	grupos	no	relacionados	
de	proteínas,	o	bien	requerir	de	la	co-evolución	de	un	número	grande	de	proteínas	que	genere	una	
nueva	especificidad	(Dacks	and	Field,	2007).	Esta	teoría	basada	en	datos	obtenidos	in vivo e in silico, 
ha	permitido	establecer	una	conexión	entre	los	sistemas	membranosos	de	los	actuales	organismos	
eucariotas,	así	como	postular	las	características	del	hipotético	último	ancestro	común	eucariota	o	






El	 actual	 conocimiento	 de	 los	 complejos	 proteicos	 que	 participan	 en	 la	 deformación	 de	
membranas,	 y	 en	 definitiva	 controlan	 el	 sistema	 membranoso,	 permite	 clasificarlos	 en	 tres	



























































entre	 los	ChAPs	no	 tuvo	 lugar	hasta	después	de	 la	 segunda	duplicación	que	generó	4	ChAPs	en	












5. LA FUNCIÓN ANCESTRAL DEL EXÓMERO




evidencias	 que	 dibujan	 al	 exómero	 como	 un	 complejo	 mucho	 más	 polivalente	 de	 lo	 que	 se	
pensaba	en	el	tráfico	intracelular	proteico	(Anton	et	al.,	2017,	2018;	Hoya	et	al.,	2017;	resultados	
no	 publicados,	 S.	 Moro	 y	 H.	 Valdivieso).	 Además,	 las	 últimas	 evidencias	 avalan	 la	 hipótesis	 de	
que	la	función	de	adaptador	de	cargo	descrita	para	el	exómero	no	sería	una	función	conservada,	





los	 fenotipos	 tan	dispares	descritos	en	 los	últimos	años	así	 como	posibilitar	una	especialización	
como	adaptador	de	cargo?















Por	 lo	 tanto,	 la	 función	 conservada	 del	 exómero	 pudiera	 ser	 la	 de	 hacer	 de	 plataforma	




el	 exómero	 permitiese	 la	 correcta	 disposición	 de	 las	 modificaciones	 post-traduccionales	 en	 las	












tipos	 de	 estrés	 la	 célula	 necesita	 de	 una	 re-localización	 precisa	 de	 lípidos	 y	 proteínas,	 lo	 cual	
probablemente	implique	modificaciones	post-traduccionales	y	un	transporte	acelerado	y	preciso,	
ambos	requerimientos	en	los	que	el	exómero		pudiera	desarrollar	un	papel	activo	en	el	TGN/EE.














información	 de	 su	 implicación	 en	múltiples	 procesos,	 sino	 que	 también	 han	 permitido	 ahondar	
en	las	relaciones	que	tienen	lugar	entre	la	miscelánea	de	elementos	que	convergen	en	el		TGN/EE	
y	que	median	 la	segregación	de	proteínas	hacia	múltiples	dominios	celulares.	Como	ha	ocurrido	










1. La	hipersensibilidad	de	los	mutantes	del	exómero	de	S. cerevisiae a metales alcalinos 
tóxicos	es	debida,	al	menos	en	parte,	a	su	incapacidad	para	distribuir	polarizadamente	
Ena1	a	las	regiones	de	crecimiento	activo	de	la	membrana	plasmática.
2. La	 ruta	 RIM101	 de	 S. cerevisiae,	 importante	 en	 la	 respuesta	 frente	 a	 agentes	
alcalinizantes,	 requiere	del	exómero	para	 la	 correcta	 localización	y	 función	de	 su	
complejo	sensor	en	las	zonas	corticales.
3.	 El	exómero	es	un	complejo	proteico	cuya	función	ha	sufrido	una	especialización	a	
lo	 largo	de	 la	evolución	del	 clado	Saccharomycotina,	 todo	ello	 fruto	de	un	doble	
proceso	de	duplicación	y	neofuncionalización	de	la	subunidad	ChAP.
4.	 La	 función	 del	 exómero	 como	 adaptador	 de	 cargo	 parece	 exclusiva	 del	 género	
Saccharomyces,	 y	tiene	 su	origen	en	 la	neofuncionalización	del	 exómero	y	 la	 co-
evolución	del	mismo	con	los	cargos	y	otros	adaptadores	del	compartimento	TGN/
EE.

















2. The	 RIM101	 pathway	 of	 S. cerevisiae,	 an	 important	 signaling	 cascade	 against	
alkalizing	agents,	requires	the	exomer	complex	for	the	proper	location	and	function	
of	its	sensor	complex	at	cortical	PM	regions.
3.	 The	 exomer	 is	 a	 protein	 complex	 whose	 function	 has	 suffered	 a	 functional	
specialization	along	the	evolution	of	 the	Saccharomycotina	clade,	associated	to	a	
double	gene	duplication	process	and	a	neofunctionalization	of	the	ChAP	subunit.
4.	 The	exomer	 function	as	 cargo	adaptor	 seems	 to	be	an	exclusive	 characteristic	of	
Saccharomyces	 genus	 which	 was	 originated	 by	 the	 exomer	 neofunctionalization	
and	 its	 co-evolution	 with	 protein	 cargoes	 and	 other	 cargo	 adaptors	 at	 TNG/EE	
compartment.
5.	 The	data	 collected	 support	 the	 existence	of	 an	 exomer	 complex	 along	 the	 Fungi	
clade.	Chs5	would	be	a	specific	protein	of	Fungi,	while	the	ChAP	family	of	proteins,	




7. The	 exomer	 complex	 participates	 in	 the	 segregation	 of	 transmembrane	 proteins	
at	 TGN/EE	 and,	 contrary	 to	what	was	 thought,	 it	 plays	 a	 role	 in	 the	 distribution	








One	of	 the	major	 features	 of	 eukaryotic	 cells	 is	 the	 compartmentalization	of	 the	 cytoplasm.	
















However,	 it	 is	now	clear	that	 intracellular	membrane	transport	pathways	are	a	complex	network	
with	multiple	contacts	(Derby	and	Gleeson,	2007).




sorted	 into	membrane	 intermediaries	 or	 vesicles	 for	 their	 transport	 through	 the	 secretory	 and	
endocytic	 pathways	 by	 the	 action	 of	 dedicated	 cargo	 adaptors	 (Bonifacino	 and	 Glick,	 2004;	 De	
Matteis	and	Luini,	2008;	Schekman	and	Orci,	1996).	These	protein	cargo	adaptors	not	only	direct	
cargo	 loading	 but	 perform	 additional	 functions	 in	 vesicle	 biogenesis,	 including	 recruitment	 and	
the	stabilization	of	other	coat	components	(Bonifacino	and	Lippincott-Schwartz,	2003;	Duncan	and	
Payne,	2003;	Spang,	2008).
In	 the	 secretory	 pathway,	 newly	 synthesized	 proteins	 destined	 to	 plasma	 membrane	 (PM)	












































Figure II: The exomer complex in 
S. cerevisiae. A)	3D	representation	
of	 the	 300	 first	 amino	 acids	
of	 Chs5	 (Paczkowski	 et	 al.,	
2012).	 B)	 Scheme	 of	 the	 linear	
sequence	 and	 domains	 of	 Chs5	
and	 ChAPs	 (Paczkowski	 et	 al.,	
2012;	 Rockenbauch	 et	 al.,	 2012).	
C)	 3D	 representation	 of	 Chs6	
ChAP	 (Paczkowski	 et	 al.,	 2012).	
D)	 Representation	 of	 exomer	










bona fide	 exomer	 cargoes.	 Note:	




main	 functions	of	Chs5	by	 itself	 (Martín-García	et	al.,	2011).	 In	 the	N-terminal	edge,	 it	presents	
an	anti-parallel	β-sheet	continued	by	a	 single	α-helix	which	connects	with	 the	FBE	domain.	 It	 is	
composed	of	a	FN3	domain	(FibroNectin	type	III)	and	a	BRCT	domain	(BReast Cancer C-Terminal)	
(Figure IIA and B).	ChAPs	present	5	tetratricopeptide	domains	(TPRs),	a	domain	which	is	present	in	
other	proteins	and	which	is	important	in	protein-protein	interactions	(Rockenbauch	et	al.,	2012).	
4	TPRs	are	 located	 in	 the	central	 region,	which	 is	 important	 for	Chs5-ChAP	 interaction,	and	1	 in	
the	C-terminus,	 an	 important	 region	 for	 the	ChAPs	 recruitment	 to	 the	TGN/EE	 (Rockenbauch	et	
al.,	 2012)	 (Figure IIB and C).	 Two	Chs5	molecules	 interact	 through	 the	N-terminal	 edge	making	











the	chitin	 synthase	Chs3	 (Sanchatjate	and	Schekman,	2006;	Trautwein	et	al.,	 2006;	Wang	et	al.,	
2006),	the	mating	protein	Fus1	(Barfield	et	al.,	2009),	and	Pin2,	a	protein	with	unknown	function	
and	a	prion-like	domain	(Ritz	et	al.,	2014)	(Figure IIE).	In	the	absence	of	exomer	these	proteins	are	





a	characteristic	polarized	distribution	at	 the	PM.	 In	addition,	all	of	 them	show	post-translational	







2. Results and Discussion
2.1. Chapter 1: Exomer complex implications in the cationic metabolism
An	 intriguing	 unresolved	 issue	 regarding	 exomer	 function	 is	 the	 fact	 that	 exomer	 deficient	
mutants	are	highly	sensitive	to	lithium,	sodium,	ammonium,	or	hygromycin	(Fell	et	al.,	2011;	Ritz	
et	al.,	2014;	Trautwein	et	al.,	2006).	These	phenotypes	cannot	be	explained	by	defective	transport	



















José	Miguel	Mulet,	we	decided	 to	 analyze	 the	molecular	 causes	 inherent	 to	 the	phenotypes	 of	
hypersensitivity	to	cations	showed	by	exomer	mutants.











candidates	tested	(ENA1, TRK1, KHA1, NHX1, NHA1,	and	QDR2),	only	overexpression	of	ENA1	and	
QDR2	improved	growth	of	chs5Δ	on	Li+ or Na+-supplemented	plates	(Figure III A).	Ena1	and	Qdr2	are	
both	extrusion	pumps.	Therefore,	the	sensitivity	of	chs5Δ	to	cations	is	probably	linked	to	a	defect	
in	extrusion	of	the	toxic	ions	rather	than	to	an	influx	defect.	To	test	this	notion,	we	measured	Li+ 
extrusion	in	both	wild-type	and	chs5Δ	strains	(Figure III B),	resulting	in	a	clearly	reduced	export	of	Li+ 
in the chs5Δ	mutant.	In	contrast	to	ena1-4Δ,	qdr2Δ	is	neither	Li+ nor Na+	sensitive(Ríos	et	al.,	2013).	
Therefore,	only	Ena1-4	dysfunction	could	explain	the	Na+/Li+	hypersensitivity	of	exomer	mutants.
Exomer	complex	 is	 involved	 in	the	transport	of	some	PM	proteins,	 thus	 it	 is	conceivable	that	
Ena1	PM	transport,	as	transmembrane	protein,	could	depend	on	exomer	complex.	ENA1	expression	
is	 under	 strong	 transcriptional	 control	 (see	Ariño	 et	 al.,	 2010	 for	 a	 review).	 Therefore,	 to	 avoid	
any	 possible	 implication	 of	 exomer	 in	 ENA1	 expression,	 we	 investigated	 Ena1-GFP	 under	 the	
inducible	promotor	tetO	(Marqués	et	al.,	2015).	In	this	system,	Ena1-GFP	expression	was	regulated	
in	 a	 doxycycline	 (dox)	 concentration-dependent	manner,	 in	which	 10μg/ml	 abolished	 Ena1-GFP	
expression	and	0.1μg/ml	allowed	some	expression.	We	analyzed	the	Ena1-GFP	distribution	not	only	
at	both	doxycycline	concentration	but	also	with	or	without	Na+/Li+	treatment	because	this	induces	




order	 to	protect	 the	growing	bud.	The	bud	 is	particularly	 sensitive	 to	any	 insult,	 such	as	Li+/Na+ 






The assembly of RIM101 pathway sensor depends on exomer complex
The	analysis	of	Ena1-GFP	endogenous	expression	uncovered	not	only	an	altered	 transport	 in	
the	 exomer	mutant	 as	we	 show	under	 the	 tetO	 promotor	 but	 also	 a	 reduced	 gene	 expression.	
In	 fact,	 Qdr2	 protein	 levels	 were	 also	 increased	 in	 chs5∆	 strain,	 a	 situation	which	 is	 similar	 to	
rim101Δ	mutant	(Lamb	and	Mitchell,	2003).	Under	alkalization	of	the	medium,	the	RIM101	cascade	
is	 activated	 to	 finally	 promote	 the	 proteolytic	 processing	 of	 a	 transcriptional	 repressor,	 Rim101	
(Obara	and	Kihara,	2014;	Peñalva	et	al.,	2014).	At	neutral-alkaline	pH,	Rim101	is	processed	in	the	




Rim13.	The	pH	shift-dependent	recruitment	of	Rim13	is	altered	in	the	exomer	mutant	 (Figure IV 
C).	In	addition,	we	demonstrated	that	all	of	these	alterations	were	caused	by	an	aberrant	assembly	
Figure III: Ena1 polarized transport depends on exomer complex. A) chs5Δ	cells	were	transformed	with	
the	 indicated	genes	expressed	 from	multicopy	plasmids,	grown	on	selective	SD	media	 to	2	×	107	 cells/ml,	





























reports	 (Ritz	 et	 al.,	 2014;	
Trautwein	et	al.,	2006).
aGrotwth	 was	 assessed	 on	
YEP	 plates	 using	 glucose	
or	 galactose(OE)	 as	 carbon	
sources	and	defined	as	being	







their	 own	 promoters	 from	












at PM (Figure IV G).	Both	situations	make	the	cell	not	to	be	able	to	manage	correctly	with	cationic	
stress	or	alkaline	pH.
2.2. Chapter 2: The exomer complex in evolutionary context






Trying	 to	 increase	 the	 knowledge	 about	 the	 exomer	 subunits,	 we	 analyzed	 the	 effects	 of	







Figure V: Dependency of chitin synthesis for exomer complex in different species. A)	CW	staining	of	fixed	
cells	on	the	indicated	strains	and	organisms.	Note	the	absence	of	chitin	rings	in	all	the	chs3∆	mutants,	which	









Specialization of exomer complex as cargo adaptor in Saccharomycotina clade















maydis, Candida albicans or Kluyveromyces lactis (Figure V A).
Despite	 that,	 further	delving	 into	 the	analysis	of	 chitin	 synthesis	 in	C. albicans,	we	observed	
that	chitin	deposition	shows	a	 loss	of	polarization	under	exomer	absence	 (Figure V B). This is in 
consonance	with	the	altered	localization	of	Chs3	of	C. albicans	 (CaChs3)	 in	the	Cachs5∆ mutant: 
increased	accumulation	at	TGN/EE	compartments,	absence	of	signal	at	incipient	buds	and	a	loss	of	
the	strong	PM	polarization	in	hyphae	growth	(Figure V C).	Therefore,	C. albicans	exomer	complex	












chs5∆ or aps1∆	 respectively,	supported	the	 idea	of	an	exclusive	specialization	of	 the	 interaction	
between	the	ScChs3	and	the	exomer	and	AP-1	complexes	mediated	by	its	unique	N	and	C	terminal	
regions (Figure V D).	Therefore,	exomer	complex	seems	to	function	as	strict	cargo	adaptor	complex	
only	in	Saccharomyces genus. 
The	specialization	of	exomer	function	in	S. cerevisiae	is	not	exclusive	for	cargo	adaptor	function.	
The	 strong	 sensitivity	 of	 exomer	mutants	 to	 lithium	 chloride	 and	hygromycin	 is	 conserved	 in	K. 
lactis	exomer	mutants	(Figure VI A and B).	However,	the	specialization	of	the	ChAPs	branches	for	
these	phenotypes	is	only	present	in	S. cerevisiae. In S. cerevisiae	the	absence	of	Bch1/Bud7	ChAP	
members	 promotes	 sensitivity	 to	 hygromycin	 and	 the	 absence	 of	 Bch2/Chs6	 ChAPs	 to	 lithium	
chloride.	In	contrast,	in	K. lactis,	an	organism	with	only	one	protein	per	ChAP	branch,	KlBch1	and	
KlChs6,	the	absence	of	any	ChAP	branch	is	not	linked	to	any	phenotype.	Therefore,	the	specialization	
of	ChAPs	 for	 cation	compounds	 took	place	 latter	 to	 the	 separation	between	kluyveromyces	 and	
Saccharomyces	genus.	Another	example	is	the	inability	of	K. lactis	exomer	mutants	to	grow	on	YES	





Outside	Saccharomycotina	clade	 there	 is	only	one	ChAP	while	 inside,	due	 to	 two	duplication	
events,	 the	majority	 of	 the	 species	 present	 2	 o	 4	 ChAPs.	 These	 duplications	 have	 allowed	 the	
continuous	specialization	of	the	ChAPs	up	to	the	generation	of		new	exomer	functions	in	S. cerevisiae.








which	took	place	 just	before	the	common	ancestor	between	S. cerevisiae	and	Candida glabrata, 
generated	 4	 ChAPs.	 Comparing	 the	 sequences	 of	 S. cerevisiae	 ChAPs	with	 sequences	 of	 ChAPs	








Figure VII: Evolutionary origin, distribution and conservation of exomer complex. A)	Percent	pairwise	
identities	 of	 ChAP	 proteins.	 Comparisons	 of	 ChAP	 genes	 of	 Saccharomyces	 genus	 of	 both	 ChAP	 families	
versus	the	preduplicate	ChAP	genes	from	non-ascomycete	fungi.	BB8-S,	Saccharomyces	ChAP	genes	of	BB8	
family;	BC8-S,	Saccharomyces	ChAP	genes	of	BC8	family.	B)	Complementation	of	the	chs5Δ	phenotypes	by	




of	 N-terminal	 fragments	 of	 Chs5	 tagged	 with	 GFP	 and	 co-localization	 of	 these	 fragments	 with	 the	 TGN	














and	 the	 zygomycete	Mucor circinelloides in S. cerevisiae	 cells	 deleted	 for	CHS5,	 also	 taking	 into	
account	that	the	N-terminal	part	of	Chs5	(ScChs5*)	is	fully	functional	(Martín-García	et	al.,	2011).	
We	expressed	these	fragments	fussed	to	a	GFP-tag	and	under	the	inducible	PGAL1	promoter.	Only	
the K. lactis	 fragment	 (KlChs5*)	 complemented	 all	 the	 chs5Δ	associated	phenotypes	 (Figure VII 
B)	and co-localized	neatly	with	TGN/EE	(Figure VII C). C. albicans	fragment	(CaChs5*)	was	almost	







ChAP	protein	seems	to	be	a	protein	present	 in	LECA	(Last Eukaryote	Common Ancestor),	but	
it	has	been	 lost	 in	 several	major	groups.	However,	Chs5	 is	a	characteristic	of	Fungi	 clade,	which	
together	with	the	ChAP	probably	constituted	the	exomer	complex	 in	a	common	ancestor	 to	the	
major	current	Fungi	groups.	After	that,	two	duplication	events	in	the	Ascomycota	clade	allowed	for	
the	strong	specialization	observed	in	S. cerevisiae (Figure VII C).
2.3. Chapter 3: Exomer complex implications in the nitrogen metabolism
 The chs5∆ ammonium sensitivity is linked to tryptophan availability
The	 hypersentivity	 of	 exomer	 mutants	 to	 ammonium	 excess	 (Rockenbauch	 et	 al.,	 2012;	

























































synthetic	defined	media	based	on	ammonium.	 Surprisingly,	 the	 localization	at	 the	PM	 is	 similar	




could	 explain	 the	 hypersensitivity	 or	 resistance	 to	 toxic	 aa	 derivatives.	 However,	 the	 impaired	
localization	of	Gap1	and	Tat2	cannot	explain	directly	the	defect	in	tryptophan	uptake	since	under	
high	 levels	of	 ammonium	Gap1	 is	 repressed	by	NCR	and	Tat2	 seems	 to	 reach	 the	PM	correctly.	
Therefore,	 the	 problem	with	 the	 tryptophan	 has	 not	 been	 solved.	Multiple	 possibilities	 can	 be	






in	 opposition	 to	 this	model,	 but	 strongly	 support	 new	 functions	 for	 exomer	 complex	 in	 protein	
transport.	Our	evolutionary	studies	have	revealed	a	diversification	of	exomer	ChAP	subunits	which	


































not	 shown	 in	 this	 summary),	 could	 be	 consider	 also	 as	 a	 stressful	 situation.	 Rapamycin	 inhibits	
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Fig S1: Quantification of the overexpression levels. mRNA levels derived for each 
plasmid were determined in cells growing in SD media using qPCR with dedicated 
primers for each gene. Values are represented relative to those of the ACT1 gene 





Fig S2: Characterization of Ena1-GFP strains. (A) Sensitivity of the strains containing 
the ENA1-GFP::TRP1 construct. Note the normal sensitivity of this strain compared to a 
wild type and the increased sensitivity to different compounds of the chs5∆ mutant in the 
same genetic background. (B) Sensitivity of the indicated strains to lithium and sodium. 
Notice the increased sensitivity shown by the double chs5∆ vps27∆ mutant. (C) Western 
blot showing Ena1-GFP levels in wild type and chs5∆ strain under different growth 
conditions. Lower images are from the same experiment but with lower exposure time. 
Note the reduced levels of Ena1-GFP in the chs5∆ strains, but also the almost complete 
absence of degradation in both strains, consistent with the faint vacuolar staining 
observed (See Figure 5). NaCl treatment clearly increases Ena1 levels in both strains. 
Note that the experiment was performed in YEPD media in order to detect basal 
expression levels of Ena1-GFP, undetectable after growth in SD media (see Figure 5B).  
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Fig S3:Quantification ofEna1-GFP polarization. (A) Scheme representing the 
measured area to obtain the Daughter/Mother Polarization Coefficient of Ena1-GFP. (B) 
Localization of a chromosomally-tagged version of Ena1-GFP in wild type and chs5∆. 
Cells were grown on selective SD media to logarithmic phase and then incubated under 
the indicated conditions as described for experiments shown in Figure 5A. Left panel 
represents of the Ena1-GFP polarization coefficient using the average of the coefficients 
obtained for any experiment (n=4 experiments). Right panel shows the coefficients for 
any measured cell (n=number of cells). (C) Ena1-GFP expressed from the tetO promoter 
was visualized by fluorescence microscopy after growth on the indicated dox 
concentration for 2 hrs. Cation treatment was performed for additional 30 min. 
Experimental conditions are identical to those described for Figure 5D. As in (B), left 
panel represents the average of the coefficient from 3 independent experiments, and right 
the coefficient for single cells (n=number of cells). The values represented correspond to 
the mean (top of the bar or central line) and the standard error of the mean (whiskers). 
The horizontal dashed line indicates the situation of no polarization (daughter and mother 
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intensities are equal). For each condition, the total number of cells measured (n) is 
indicated. See materials and methods for details on fluorescence quantification. 
 
 
Fig S4: The behavior of Rim21 in the absence of exomer. (A) Rim21-2xGFP levels in 
the wild-type and chs5∆ strains after alkalinization of the media. (B) Localization of 
Rim21-2xGFP foci in the indicated strains at acidic and alkaline pH, before and after 
endocytosis block with LatA for 1 hour. (C) Co-localization of Rim21-2xGFP and Sec7-
mRuby in wild type and chs5∆ strains as indicated. Graph represents the levels of co-
localization of the Rim21 foci with Sec7 spots at indicated pH. See the quantification 
procedure at the Materials and Methods section.  (D) Localization of Rim21-2xGFP in 
the mutant strains at acidic pH. Quantitative results from two independents experiments 
(n>100) are represented in the graphs, which show percentage of foci associated to the 
PM. (E) Induction of the Rim101 processing at pH 7.0 in the indicated mutants. Rim101 
processing was determined as described in the materials and methods. 
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Figure S1. A model for exomer assembly. Exomer is a heterotetrameric complex 
formed for a homodimer of Chs5 linked to a dimer of ChAPs. This complex interacts 
with two molecules of the Arf1 GTP-ase, an interaction required for the assembly of 
exomer at the TGN membrane. Two alternative forms of exomer complexes are 
depicted based on the distinct properties of the two ChAPs families. Binding of ChAP 
to cargo has only been demonstrated for Chs6/Chs3 (Rockenbauch et al., 2012; 
Weiskoff and Fromme, 2014) and Bch2/Pin2 (Ritz et al., 2014) therefore it is very 
likely that some exomer complexes do not bind cargo directly. Meanwhile, only Bch1 
and Bud7 seem to be able to interact directly with membranes. The ChAP dimer can be 
assembled between the four different ChAPs proteins, Bch1, Bch2, Bud7 or Chs6, 
forming different homo- or heterodimers. However, to date there is no convincing 
evidence showing that all combinations of ChAPs exist in vivo. (See text for further 
details). The current model is based on several crystalographic studies (Paczkowski et 
al., 2012; Paczkowski and Fromme, 2014). 
 
Figure S2. Characterization of BCH2 overexpression. (A) Localization of S. 
cerevisiae bona fide cargoes after BCH2 overexpression from the pJV30 plasmid. Chs3-
GFP and Fus1-GFP are expressed from centromeric plasmid under the control of their 
own promoters. Pin2-GFP was tagged at the chromosome. (B) Effects of the 
overexpression of the different ChAPs with respect to calcofluor white (CW), 0.2M 
LiCl and 0.1M NH4Cl sensitivity. Overexpression was achieved by growth in 
Galactose, where growth on Glucose appears similar to that of the null mutants. (C) 
Protein levels of the different ChAPs tagged with GFP at the chromosome. (D) Protein 
levels of Bch1 and Bud7 tagged at the chromosome from their native promoters (left 
panel) or under the control of the GAL1 promoter after growth in glucose or galactose 
(right panel). Both panels are from the same Western blot. The image is the same as in 
S3, but with a lower exposure level. Note the strong overexpression promoted after 
growth in galactose. 
 
Figure S3. Characterization of Bch2. (A) Multiple alignment of the C-terminal 
regions of the four ChAPs present in S. cerevisiae. Note the single insertion in Bch2 
that is described to contain a probable SH3 interaction domain (Tonikian et al., 2009). 
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Colored regions indicate the identity between ChAPs pairs; note the higher conservation 
in the Bch1/Bud7 pair. The scheme on the right indicates the regions of Bch2 deleted or 
exchanged in the next images. (B) Localization of the indicated protein tagged in the 
chromosome and their expression levels assessed by Western blot. Note the reduced 
levels of Bch2∆118 protein in both assays. (C) Localization of the indicated tagged 
proteins after overexpression from the pGAL promoter and their expression levels 
assessed by Western blot.  (D) Sensitivity to CW after the overexpression of the 
truncated forms of Bch2 as indicated. Note the absence of any effect after the deletion 
of the C-terminal regions of Bch2. Cultures were grown on Galactose plates (E) CW 
sensitivity after the overexpression of chimeric Bch1-Bch2 proteins. 
 
 
Figure S4. Phylogenetic tree of the fungi Kingdom taken from MycoCosm. The 
number of ChAPs members identified in each group is indicated. ChAPs were identified 
using BLASTP and TBLASTN analysis on the published genomes from members of the 




Figure S5. Calcofluor white staining of C. albicans hyphae. (A) Hyphal growth was 
induced for 2 hours and then CW staining was performed on fixed cells as described in 
the Materials and Methods section. Parallel images were taken with DIC and 
fluorescence (DAPI filter). Single and merge images are presented. Fluorescence is 
presented as a gradient color. Note the larger size of the tip devoid of fluorescence in 
the chs5∆ mutant, indicative of a reduced deposition of chitin at the tip. (B) 
Quantification of the fluorescence intensity associated with CaChs3-GFP at the tip of 
the hyphae. Fluorescence intensity was measured along the tip of individual cells and 
values are referred to the fluorescence measured at the tip of each cell. Individual 
measurements are presented as spots, and average values (n=15) are represented by 
lines after being adjusted to fit a polynomial graph. Note the stronger polarization of the 
fluorescence in the wild-type hyphae compared to the more uniform distribution 
observed in the chs5∆ mutant. 
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Figure S6. Comparative analysis of Chs3 proteins of different origins. (A) Overall 
identity between ScChs3 and CaChs3 proteins. Note the reduced identity along the N-
terminal cytosolic domain of the protein and also the longer C-terminal region of 
CaChs3. (B) Clustal W multiple alignment of the C-terminal regions of Chs3 from 
different fungi. Note the C-terminal extension detected in fungi outside the genus 
Saccharomyces. (C) Alignment of N-terminal regions of ScChs3 and CaChs3, note the 
divergence in the first amino terminal region and the absence of the proposed AP-1 
binding domain (Starr et al., 2012) in the CaChs3 protein. (D) Alignment of C-terminal 
regions of ScChs3 and CaChs3, the region required for exomer binding is indicated 
(Rockenbauch et al., 2012). Regions marked with arrows in panels C and D indicate the 
segments of the proteins exchanged for constructing the CaNTChs3-GFP and Chs3CaCT-
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Figure S1. N-terminal fragments of Chs5 from different origins as indicated: S. cerevisiae (ScChs5*), Kluyveromy-
ces lactis (KlChs5*), Candida albicans (CaChs5*), Ustilago maydis (UmChs5*) and Mucor circinelloides 
(McChs5*). All fragments were cloned by PCR from genomic DNA, except McChs5* that was amplified from a 
c-DNA library, using specific primer designed to amplify from the initial Met to the last amino acid shown in the 
figure. Fragments were labeled in the text and figures as Chs5* to indicate that they correspond to the N-terminal 
region of the proteins, a region that includes the essential FN3 and BRCT domains as indicated in the Figure.

